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O.N.R. Grant No. N00014-97-1-0880 

Abstract 

This report is a compilation of work related to the development of a high- 
pressure high flow rate piezoelectric micropump. Such a pump would be 
at the heart of a small servohydraulic actuation system. The objective of 
this project was to determine tihe feasibility such an actuation system. One 
of the biggest challenges facing small-scale servohydraulic systems is the 
development of a high performance micro pumping device. To achieve 
the final result, a) detailed mathematical models of the micropump as well 
as the micro - servohydraulic system were constructed, b) a micropump 
was designed, taking into account all the relevant limitations related to the 
current state-of-the-art microfabrication techniques and c) a micropump 
was built and tested. The final micropump was a seven-layer 
microfabricated device consisting of 4 silicon and 3 glass layers. The 
silicon layers were fabricated using Deep Reactive Ion Etching (DRIE). 
The glass layers were made using conventional diamond drilling. The 
final device was assembled using a sequence of Silicon-silicon fusion 
bonds and silicon-glass anodic bonds. The maximum performance 
attained from this device was a maximum flow rate of 2700 
microliters/min and a maximum differential pressure of 450kPa at a 
piston drive frequency of 12.5kHz. 
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1. Overview 

This document is a compilation of work performed to investigate the feasibility of 
small-scale servohydraulic actuation systems. The goal of these systems would be two- 
fold: 

1. To exploit the nature of new piezoelectric materials with high specific power. 
This high specific power is only realized at high frequencies of operation, due to 
the inherently small stroke attainable with piezoelectric materials. 

2. To mate the requirement for high frequency operation and small devices with 
microfabrication technologies, therefore harnessing the benefits of 
microfabricated systems, such as: batch fabrication, large scale production, use of 
superior materials such as single crystal silicon, and the ability to fabricate small 
devices with a large degree of precision. 

The work presented here started with a feasibility study in the form of a Master's thesis 
at MIT (Piiiitzer), and continued with the development of a micropump device 
presented by Li et. al. Additional work is presented in the form of theses by Roberts, 
Stejm and Yaglioglu. 

2. Approach 

Initial studies by PuHtzer and Hagood suggested that MHT technology could indeed be 
a feasible means of small-scale servohydraulic actuation. Continued 9\eoretical studies 
were augmented by fabrication short-loop experiments to prove the manufacturability 
of such a device. These experiments eventually yielded both the first piezoelectric drive 
piston which formed the basis for the first micropump device. In parallel with the 
fabrication experiments were also experiments on a macrovalve (Carretero) and fluid 
filling and sealing (R. Mlcak, Boston Microsystems). 

3. Results 

The final result of the project was the delivery of a high pressure high flow rate 
micropump. This pump eventually delivered a maximimi flow rate of 2600 ml/min and 
a maximum differential pressure of 450kPa at a drive voltage of 1200Vpp on the piston 
at an electrical frequency of 12.5kHz. The pump was operated under bias pressures 
ranging from 300 to SOOkPa to prevent cavitation when the piston oscillates at high 
frequency. One pump failed due to broken valves, while two others had broken pistons 
and a third one had a broken pressure sensing membrane. 



Fluidic resonances were observed during the operation of the pump, and it is presumed 
that these resonances can be used to enhance the performance of a micropimip device at 
a given frequency. 

The micropump that was built performed significantly better than other micropimips 
reported in the literature up until the time the pump was demonstrated. At the time of 
writing this report, the only micropumps matching and/or exceeding the performance 
of this micropump were electrokinetic (EK) pumps. Although EK pumps are much 
simpler to fabricate than a piezoelectric micropump, they suffer from a finite lifetime, 
due to the electrochemical reaction that results as part of the operation of the pump. 

4. Conclusions 

The results, both analytical and experimental, suggested that small-scale 
microhydraulic transducer devices do show promise for small-scale servohydraulic 
actuation. The devices appeared to have an acceptable lifetime. The drive pistons of the 
devices went through at least 0(106) cycles per device, indicating that fatigue would 
probably not be a concern for these devices. 

Fabrication of such MicroHydraulic Traixsducer (MHT) devices remains a key 
challenge. The multi-wafer fabrication process presented several imique problems when 
considering the fabrication of high performance microhydraulic devices. Challenges 
such as (1) fillet radius control at the bottom of an etched trench (2) piezo sizing and 
tolerandng to match the thickness of the glass insulating layer plus the etched recess or 
"piezo seat" (3) wafer care during fabrication with eventual fusion bonding in mind. 

5. Recommendations 

Further research was proposed and also imdertaken in a formal development of MHT 
technology through follow-on programs^ The future goals for MHT tedmology were 
the development of an active valve MHT device with bi-directional capabilities, also 
giving the MHT the ability to generate energy by rapidly cycling the valves to create a 
pulsing pressure on the main piston. 

It is further recommended that the manufacturability of MHT devices be addressed 
further, as well as integration of such device into a system that could serve as a 
prototype for a real-world application. 

' The reader is also referred to the report for ONR grant N00014-01-1-0857, which contains more detailed 
information on the specifics of MHT technology. 
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A fflGH FREQUENCY HIGH FLOW RATE PffiZOELECTRICALLY DRIVEN 
MEMS MICROPUMP 

H.Q. Li, D.C. Roberts, J.L. Steyn, K.T. Turner, J. A. Carretero, O. Yaglioglu, 
Y.-H. Su, L. Saggere, N.W. Hagood, S.M. Spearing, andM.A. Schmidt 

Massachusetts Institute of Technology 
Cambridge, MA 02139 

R. Mlcak K,S. Breuer 
Boston Microsystems, Inc. Brown University 

Wobum, MA 01801 Providence, RI 02912 

ABSTRACT 

A piezoelectrically driven fluidic micropump was fabricated 
and tested. Microelectromechanical systems (MEMS) fabrication 
technology was used. Small cylindrical piezoelectric material 
elements were integrated with miaofabricated silicon, silicon on 
insulator (SOI), and glass chips using eutectic bonding and anodic 
bonding processes. SOI wafers were used to form the thin 
membranes within the moving parts (a drive element and two 
passive valves). The design, microfabrication process, and 
assembly of the device are described in this paper. Fabrication 
issues such as control of fillet radii at the feet of ttie Si membranes 
for stress reduction and simultaneous eutectic and anodic bonding 
were discussed. A flow rate as high as 3000 ^1/min was recorded. 
Experimental and simulation results of the dependences of the 
pump flow rate on the voltage and frequency applied on the 
piezoelectric material are shown and discussed. 

INTRODUCTION 

This paper presents the fabrication and testing of a high 
pressure, high flow rate piezoelectrically driven fluidic micropump 
with passive valves. In comparison to other piezoelectrically 
driven micropumps in the literature [1-4], this device incorporates 
the integration of bulk piezoelectric material with MEMS 
microfabrication techniques to allow for high structural driving 
frequencies in the tens of kHz range and implements novel 
methods of anodic and eutectic bonding to join silicon, glass, and 
piezoelectric components, enabling minimal device mass and 
therefore high power density. It requires a compact design that 
brings about challenging &brication issues such as multi-layer 
wafer bonding, multiple lithography and deep reactive ion etch 
(DRIE) steps for the SOI wafers, use of nested oxide masks, and 
integration of small piezoelectric material elements. The need for 
high frequency and high flow rate calls for precisely micro- 
machined Si membranes capable of large deflection as the moving 
components in the pump chamber and the passive valves of the 
micropump. SOI wafers are good choices for this purpose because 
they have a uniform thin Si layer, their buried oxide can be used as 
the etch stop during DRIE processes, and the fillet radii of the 
membranes that are critical to the strength of the membranes are 
easier to control in the presence of the buried oxide. Another 
advantage of SOI wafers is that separate electrodes can be formed 
in the SOI layer during microfabrication, with the buried oxide as 
the insulator. Eutectic bonding has been used to integrate the 
piezoelectric elements into the MEMS devices. For this 
miaopump it is necessary to choose low melting point eutectic 
bonding alloys so that the eutectic bonding can be performed 
simultaneously with the anodic bonding of the Si and SOI layers to 
the glass  layer that encloses the piezoelectric material for 

insulation. The successful fabrication of the microptmp is a major 
step toward the realization of high power density transducer 
devices for micro-robotic actuation and heel-strike power 
generation applications [5,6]. 

MICROPUMP STRUCTURE 

The micropump has a multi-layer structure, schematically 
shown in Figure 1. It includes one fluid pump chamber and two 
identical passive check valves [7]. The volume change in the fluid 
chamber is achieved by the vertical motion of the double layer 
cylindrical piston-like drive element (layers 4 and 5) attached to 
annular Si membranes and driven by a ceramic piezoelectric 
cylinder (layer 3) 1 mm in diameter and 1 mm in height. When a 
voltage is applied to the piezoelectric cylinder, it pushes the drive 
element piston up, producing a high presstire in the fluid chamber 
that closes the inlet valve and opens the outlet valve so that fluid 
can flow out of the fluid pimip chamber. Next, when the voltage is 

r.'   SOI membrane ^H membrane stop 

Inlet -HQ      yg^j      Piezoelectric cylinder 

/ ^sss^sJ            Drive element 

Inlet valve_/L^!^ \ ^^/■?^^'^>:i__5^''°'^^""®'^ 

^^ ^.^.^.^ry^i^ 
Membrane probe hole/     J^^^T 

Outlet C/^         Outlet valve 

Inlet valve    Drive element     Pressure sensor     Outlet valve 

SOI 

Membranes    Membrane probe hole 

^^ Si   r^l Glass    trx] Piezoelectric material 

Figurel. Top view and cross-section view of the micropump. The 
cross-section view is from a zig-zag cut to show all the features. 
reduced the piezoelectric cylinder contracts and the drive element 
piston moves down, resulting in a low pressure in the fluid 
chamber tfiat closes the outlet valve and opens the inlet valve so 



that fluid can flow into the chamber.    The pump worics by 
repeating these steps at high frequency. 

The drive element piston is 3.6 mm in diameter and each of 
the two SOI layers 4 and 5 forming the piston is about 400 nm 
thick. The annular drive element SOI membranes are 150 jun 
wide and 10 jim thick in the lower layer and 15 \tm thick in the 
upper layer which also includes the valves. SOI wafers (layers 4, 
5, and 6) were chosen to constnict the membranes in the device for 
two reasons: 1) to control precisely the membrane thickness by 
using the buried oxide in the SOI as an etch stop in the DRIE 
process, and 2) to use the lower SOI (Iayer4) as an electrode to the 
piezoelectric cylinder and the buried oxide as an insulator between 
the piezoelectric cylinder and the remaining part of the 
micropump. The thickness of the SOI membranes in layer 5 was 
determined mainly by the design specifications of the passive 
valves that were subject to much larger deflections than the drive 
dement piston membrane. Venting channels in layer 5 and holes 
in layer 4 (not shown in Fig. 1) were formed to release pressure in 
the cavity between the drive element membranes during the wafer 
diffusion bonding. The passive valves consist of a 0.5 mm center 
hole and a IS )jm diick annular SOI membrane with an inner 
diameter of 0.70 mm and an outer diameter of 1.65 mm. When not 
deflected the valves are only 0.5 jun from layer 4 to minimize back 
leaking. 

The fluid diamber above the drive element piston and fluid 
channels to and from the valves are located in layer 6. Small 
cylindrical motion stops about 8 nm from the drive element and 
about 18 nm from the valves respectively were also formed in 
layer 6 to prevent the membranes from excessive deflections. A 
pressure sensor in the shape of a circular membrane 0.8 mm in 
diameter and 20 pm thick was formed in the fluid chamber for on- 
site pressure measurement A ceramic PZT-5H piezoelectric 
cylinder 1 mm in diameter and 1 mm in height was incorporated in 
die middle glass layer 3 as the active drive component of the 
micropump. The Si layer below the piezoelectric cylinder was 
used as the other electric contacts to the piezoelectric cylinder. 
3 mm thick borosilicate glass was used in the top and bottom 
layers 1 and 7 for structural strengthening of this bench top device. 

MICROFABRICATION PROCESSES 

To minimize the size of the device, a compact design 
requiring a minimum number of layers, efficient use of the both 
surfaces in each layer, and therefore multiple lithogr^hy steps for 
tiie SOI wafers was implemented. As an example. Figure 2 shows 
the febrication process flow for layer 5. The first step is the 
selection of the SOI wafer fliat has a 15 jun thick SOI layer, a 
0.4 nm thick buried oxide, and a 380 (un thick handle layer. 
Secondly, positive photoresist was coated on both sides of the 
wafer and the SOI side was patterned using standard lithography 
iwocedures. The photoresist on the handle side is to protect the 
handle surface fixim scratching in the lithography steps. This back 
surfece protection method was used throughout the micro- 
febrication processes. Tie wafa- was then put in a DRIE machine 
until flie SOI layer was etched through. This step formed the fluid 
through holes in the SOI layer. Next, the wafer was cleaned and 
coated with positive photoresist on both sides again. The handle 
side was patterned with photoresist and etched down about 0.5 jim 
in a RIE etcher to form the clearance between the valves and their 
seating surfaces. In the fourth step die wafer was oxidized at 
1100°C for 5 hours to form 2 pm of thermal oxide that is to be 
used as a nested mask and back surface protection from DRIE 
etdiing later on. The thermal oxide was etched in step 5 to form 
the nested mask and then anodier lithography process was 

performed on handle side to define the membranes in the drive 
element and in the passive valves in step 6. The wafer was etched 
first by DRIE about halfway though its thickness with photoresist 
as seen in step 6. Then the photoresist pattern was stripped and the 
nested thermal oxide mask was exposed for another DRIE step 
until it stopped at the buried oxide, as seen in step 7. The nested 
oxide mask was necessary to construct the 200 pm deep venting 
channels in the drive element and the fluid channels to the valves. 
Finally, the thermal oxide was stripped using BOE wet etching. 

^ 
I. Stmt with a SOI wafer. 

2. DRIE SOI and BOE buried oxide. 

3. DRIE handle side 0.5 /xm. 

4. Grow 2 yia thermal oxide. 

5. Pattern the oxide fibn with BOE 

6. BOE and DRIE handle about 200/xm with photcreast patteni on. 

n n   n r^  m\v,yyyy/y,/^?W.AyA77rzm P|   p ^^^ 
7. Strip photoresist and DRIE to the buried oxide with nested oxide mask. 

^=S    e=S   V>^y/''/M//////. /M AV/Mm   ^    p   ^^r.V7\ 
8. Strip die oxide on both sides. 

^Si ' Theimalaxide Buried oxide 

Figure 2. Fabrication flow of an SOI layer (layer 5 in Fig. 1) with 
the passive valves and half of the drive element piston 

Since all the membranes in this device have to operate under 
high stress and at high frequency, it is important to have a 
membrane structure with minimal stress concentration. A 
significant challenge in the micropump febrication was controlling 
fillet radii in the range of 20-40 pm for stress reduction at the feet 
of the membranes. In the DRIE machine Si is etched at a rate of 
about 2-4 pm/min. depending on the feature size and exposed Si 
area. The etch front is usually a gradual curve in cross-section but 
varies depending on the etch conditions. An SOI membrane fillet 
radius is formed after the etch front reached the buried oxide and 
then the Si edges retreat horizontally to the side wall at a rate of 
about 70-100 >un/minute as more oxide is exposed. There is a time 
window of only about 2-4 minutes to control the fillet radius in die 
desired range after about 2 hours etch of the handle side. 
Therefore careful monitoring in the final stage of the DRIE is 
critical. Figure 3 shows a 150 pm wide drive element membrane 
with a gradual fillet about 25 \aa long horizontally. 

ASSEMBLY OF THE DEVICE 

After the final DRIE etch and cleaning, the three SOI wafers were 
aligned using an Electronic Visions system and fiision bonded at 
1100°C in nitrogen for 1 hour. The bonded wafer stack was cut 
into 16.7 mm by 15.7 mm chips with a die-saw, cleaned in water, 
acetone, methanol, and isopropanol successively, and finally dried 
in air. The glass wafers were processed with diamond drills and 
die-saw cut into small chips. All the interfaces between Si and 
glass were anodically bonded at about 300°C. The Si and the 
piezoelectric   material   interfaces   were   eutectically   bonded 



Figure 3. Optical cross-section picture of a drive element 
membrane, the membrane thickness is about 10 ftm. 

To prepare for the eutectic bonding, 500 A of Ti film and 5000 A 
of Pt film were deposited on the Si surfaces through a shadow 
mask by e-beam and 2 (im of an Au-Sn (80-20% wt) alloy films 
were deposited on the piezoelectric surfaces by sputtering. The 
composition of the metal films were chosen for surface wetting 
(Ti) and low eutectic bonding temperature (Au-Sn) so that the 
eutectic bonding and the last anodic bonding can be done 
simultaneously as required by the pump design. The height of the 
piezoelectric cylinders were designed to be 2-3 nm larger than the 
height of the middle glass piece (layer 3 in Fig. 1) so that the drive 
element piston is preloaded and when the chamber is expanded 
there is no pulling of the drive element piston by the piezoelectric 
cylinder that might delaminate the eutectic bonding. For this 
reason, an oxide mask that defines the piezoelectric seating was 
left on each Si chip below the piezoelectric (layer 2 in Fig. 1) for 
height compensation by individually trimming etch of the Si 
chips. Finally wires were soldered on the Ti/Pt electrode pads that 
were deposited at the same time as the eutectic bonding films 
were dq)osited. Figure 4 shows a picture of an assembled 
micropump. 

The key components of this bench top device were built in an 
area of about 8.6 mm by 7.7 mm, while the electric contacts and 

iiliilSitS^^ 
Figure 4. An assembled micropump with electric leads. Small 
graduations are in mm. The inset is a cross-section picture of a 
passive vahe with 15 fan thick membrane. 
the supporting glass pieces take most space of this bench-top 
device. The inset of Fig. 4 is a cross-section photograph of a 
passive check valve with \5\im thick membrane. 

TEST RESULTS 

The assembled device was tested with an experimental setup 
that includes fluid reservoirs, valves, pressure sensors, and flow 
meters, as shown in Figure 5. The inset in Fig. 5 is an picture of 
the test jig with a micropump sealed in it by rubber O-rings. The 
system was first evacuated and then filled with 1 centistoke 
silicone oil. The piezoelectric cylinders were driven by AC 
signals with peak to peak voltages in the range of 0-1600 V, bias 
voltages in the range of 300-600 V, and frequencies in the range of 
1-12.5 kHz. The inlet pressure was maintained at 850 kPa in all 
the tests. The highest flow rate recorded is 3000 jj/min at 1200 V 
peak to peak voltage, 600 V bias voltage, and 4.5 kHz, and zero 
differential pressure. 

Figure 5. The experimental setup for micropump test. The inset is 
the package jig holding the micropump. 

Figure 6 shows the experimental and quasi-static simulation 
results of the dependence of flow rate on peak to peak voltage. 
This test was done at a drive frequency of 3.5 kHz, a bias voltage 
of 600 V, and zero differential pressure. The flow rate increases 
with the voltage monotonically but not linearly. In Simulation 1 a 
rigid chamber structure was assumed. It is believed that the flow 
rate of Simulation 1 is higher than the experimental results because 
the micropump has, as part of the fluid chamber, flexible SOI 

150C O   Experimental Data 
""- Simulation 1 
^— Simulation 2 

600        800       1000       1200      1400       1600 
Voltage (V) 

Figure 6. Flow rate vs. piezopeak to peak voltage at 3.5 kHz drive 
frequency. The results of two quasi-static simulations with 
different chamber compliance are also shown. 
membranes attached to the drive element piston and the two 
passive check valves (see Fig. 1). An increased fluid chamber 
compliance was included in Simulation 2 and its results are closer 
to the experimental data as can be seen from Fig. 6. However, at 
high drive voltage the experimental flow rate increased with the 
drive voltage much faster than the results of Simulation 2. This is 



probably because fte membranes deflect more and become stiffer 
as flie drive voltage increases, resulting in a faster increase in flow 
rate, while in Simulation 2 this increase of membrane stiffeess 
was not accounted for. 

Figure 7 shows the relation between the inlet-outlet 
differential pressure and the flow rate. In this experiment the 
piezoelectric cylinder was driven at 1200 V peak to peak voltage, 
600 V bias voltage, and 3.5 kHz. 

30* 

200    400     600     800    1000   1200   1400 
Flow rate danJmn.) 

Figure 7. Met to outlet differential pressure vs. flow rate. 

The flow rate vs. piezoelectric cylinder drive fiequency curve 
of the same device and a quasi-static simulation result are shown 
in Figure 8. Other experimental conditions of this test were: peak 
to peak voltage at 1200 V, bias voltage at 300 V, and zero 
differential pressure. Figure 8 clearly shows some form of 
resonance effect that is not present in the simulation. We found 
fliat changing the bias voltage to the piezoelectric material and 
changing the pressure difference between the inlet and outlet have 
an influence on the value of the flow rate but not on the resonance 
peak positions. The flow resonance could be due to the pressure 
wave effects at abrupt comers of the package of the micopump or 
due to the internal structure of the device. A systematic study of 
the micropumps is under way to better understand their behavior 
and to improve their performance. 
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Figure 8. Flow rate vs. drive frequency of the micropump. 

devices. Since device power is generally proportional to flow rate, 
higher flow rate micropumps with larger drive elements and 
multiple piezoelectric cylinders are currently being developed A 
fiulher increase in flow rate can be realized by using newly 
developed single crystal piezoelectric materials [8], A performance 
improvement of 10 times is expected in micropumps that combine 
larger drive elements and single crystal piezoelectric materials. In 
order to examine the effect of resonance on the performance of the 
micropump, the internal device structure and external test set-up 
are under investigation. In addition, it may be possible to use this 
resonance behavior to maximize the flow rate by tuning the device 
to a desired resonance frequency. 
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CONCLUSIONS 

The woik in this paper is part of a larger effort to develop 
high power density transducer devices [5] for micro-robotic 
actuation and human heel-strike power generation applications. 
The successful fabrication of the micropump has validated the 
MEMS process design and bonding techniques to be used for these 
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Abstract — Towards the development of novel class 
of miniature transducers with very high specific power, a 
high frequency and high flow rate hydraulic micro-pump 
with passive check valves was fabricated and tested. The 
micro-pump features a small piezoelectric (PZT-5H/PZN- 
PT) cylinder integrated into micromachined silicon and 
pyrex chips. The piezoelectric cylinder bonded to a thick 
circular disk serves as the drive element in the pump 
chamber, and two axisymmetric silicon membranes with 
hollow annular bosses serve as system check valves. 
Using silicone oil as the working fluid, the performance 
of the micro-pump was tested by varying voltages from 0 
to 1600V and frequencies from 1 kHz to 12 kHz. The 
micro-pump with PZT-5H element achieved a high flow 
rate of 2.5 ml/min at 1200 V and 4.5 kHz. 

iNrRODUCnON AND MOTIVATION 

Recent advances in active materials technology has 
led to the development of many new solid-state actuators. 
However, the specific power (power per unit mass) output 
of these solid-state actuators is fairly limited. A major 
program with the broad goal of developing miniaturized 
transducers, called Micro-Hydraulic Transducers (MHT), 
vrifli very high specific power in the order of 1 kW/kg is 
currently underway at MIT [1]. This program derives its 
impetus from an evolving realization that attractive output 
power densities are achievable by active materials with 
decreasing size and high frequency operation, and 
exploits from the integration of the piezoelectric 
technology with the micro-machining (MEMS) 
technology and micro-hydraulic concepts. The essential 
building unit of the MHT is a micro-pump with actively 
controlled valves that rectify fluid-flow from one pressure 
potential to another at very high frequencies and high 
flow-rates against high pressures, yielding a high power 
output These operating requirements of the micro-piunp 
are more demanding than any micro-fluidic device 
developed so far. Several micro-pumps based on different 
principles have been reported, however, mostiy they 
feature either small, flows or low output pressures [2,3]. 

Development of an active valve micro-pmnp for MHT 
involves- several critical challenges in design, fabrication 
and system level integration. The motivation for the work 

presented in this paper stemmed mainly from the need to 
demonstrate the technical feasibility and to minimize the 
risks involved in the development of an active valve 
micro-pump for MHT. This purpose was accomplished 
through a successfiil development of a slightly simpler 
version of the device, tiiat is, a micro-pump witfi passive 
(check) valves, with similar performance goals of high 
flow and high pressure. This paper reports the design, 
modeling, fabrication and testing of the passive valve 
micro-pump. 

WORKING PRiNaPLE AND DESIGN 

The micro-pump is comprised of die following generic 
components: pump chamber, a piezoelectric element, a 
low-pressure fluid reservoir (LPR), a high-pressure fluid 
reservoir (HPR), and two check valves—one operating 
between the LPR and the pump chamber and the other 
one operating between the pump chamber and the 
HPR—as schematically shown in Figure 1. An electric 
voltage applied to the piezo induces a strain in the 
element resulting in a net volume change in the pump 
chamber. The two valves transform the volume 
oscillations of the chamber into a net fluid flow from LPR 
to HPR. The accumulation of fluid in the HPR increases 
the pressure and performs iisefiil work on the load. After 
the actuator travels its fiJl stroke, the flow direction is 
reversed (not illustrated in Figure 1) and the actuator is 
evacuated as it returns to its initial position, completing 
the actuation cycle. In this way the high frequency, small 
displacements of the piezoelectric are rectified into low 
frequency, large stroke actuation. 
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Figure 1. Working principle of the micro-pump. 

e 0-7803-5940-2/01/$10.00 2001 IEEE. 297 



The micro-pump configuration is shown in Figure 2. 
The punq) chamber at the center encloses a piezo element 
sandwiched between a moveabJe thick circular disk and 
the rigid bottom. The moveable idisk is tethered to the 
chamber wall through thin flexible membranes around the 
circumference. The moveable plate and the piezo together 
effectively constitute a piston-like structure that can move 
vertically up and down when the piezo is strained by 
applying electric voltage across its ends. The volume 
between the chamber ceiling and the piston surface 
encloses the working fluid that is pumped. Two 
axisymmetric silicon micromachined membranes with 
hollow annular bosses serve as system check valves 
between the inlet/outlet port and the pump chamber. 

■i SOI membrane ■ membrane stop 

**'" TQ     Vent     Plezoeiectrfc cylinder 

/ 
/ 

^Dflve element 

Inlet valve_/^^ 

% 

Fluid channels 

Pressure sensor          y" ' 1 w 
Membrane probe hole/ ^ \ 

.   Outlet—O^ Outlet valve 

Inlet valve   IMve element     Pressure senior     OuUel valve 

bUet        Membranes   Membrane'probe hole      Outlet 

^ ^ SOI   ^ Si   [ZD.Glass   ^ Plezoelectriematerial 

Hg. 2: Top view and cross-sectional view (along a zig- 
zag cut in the top view) of the micropiuip. 

The approximate dimensions of the'piezo cylinder and 
the chamber were first determined analytically to satisfy 
the requirement of an average flow rate of 1 ml/s at 20 
kHz operating frequency. The dimensions of passive 
valves were chosen such that their first natural frequency 
is well above the valve operating frequency, and the 
membranes stresses are within allowable limits at a 
maximum stroke of about 20 nm, and other dimensions 
were chosen suitably. The design was then verified and 
dimensions adjusted for best performance through 
computer simulations. The primary transduction clement 
in the device, PZT-SH piezo cylinder is about 1 mm in 
diameter and 1 mm in height The diameter of the 
pumping chamber is 3.6 mm, and its height from the 
piston surface is 200 tun. The width of the tethers 
membrane around the piston is ISO imi and their thickness 
is about 15 nm. The membranes comprising the passive 
valves are 15 Mm thick, and have an inner diameter of 
0.70 mm and an outer diameter of 1.65 mm. The hole at 

the center of the rigid boss through which the fluid can 
pass through when the valve is open is Oinun in 
diameter. When not in motion, the valves are normally 
closed with a minimal 0.5 jun gap between the valve and 
the seating to minimize any back flows. 

MODEUNG AND SIMULATION 

Dynamic simulations of the micro-pump system were 
carried out to gain insight into the performance of the 
micro-pimip. Detailed analytical models of the canonical 
components of the system and the fluid-flow models 
including fluid inductance and fluidic and structural 
compliances were buUt in the Matlab/Simulink* 
application and system level simulations were carried out 
by numerically integrating the coupled governing 
equations. The entire system is highly coupled as can be 
seen in the block diagram of the system in Rgure 2. 

Figure 2: Flow chart of the simulations. 

The key components in the micro-pump are: drive 
element, pump chamber, passive vo/ves, and flow 
channels. All the structural components were modeled as 
lunqjed single DOF, and this is adequate since the 
operational frequency of the device is well below the first 
natural frequency of any structural component The liquid 
in the pump chamber is assumed to be quasi-statically 
compressible. Further, the interior pressure distributions 
in the system cavities are assumed to be uniform and the 
flow is assumed to be steady. 

Drive Element: The equations describing die dynamic 
motion of the drive clement which includes piezo and 
piston is as follows: 

Afx + bx + kx-p^A^~F 

where x = piston displacement. M = effective mass of die 
piston element b = damping coefficient, k = stiffness of 
the tcthen attached to the piston, F = internal force at the 
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interface of piston and the piezo, d^ = dielectric constant 
of the piezo, Apu = area of the piston, pc - pressure in the 
chamber, K, = applied voltage across the piezo, and AV = 
change in volume of the pump chamber. 

Pump Chamber: The following equation, obtained by 
the application of continuity to die control volume, 
governs the pressure variation in the pump chamber. 

micropump with electrical leads. The packaged device has 
dimensions 22.7mm x 15.7mm x 8.6mm. However, the 
packaging volume is not optimized and as such, the total 
volume of the device could be much smaller. 

Pc = 
Vo-AV .   1 (&-e«,+AV) 

where V, is the volume of fluid initially contained within 
the chamber when the volume source is undeformed, K/ is 
the bulk modulus of the fluid, and C, is the hydraulic 
capacitance of the chamber structure. 

Check Valve and Channel Dynamics: The check 
valves rectify the fluid flow by opening or closing the 
fluid flow path Crom the reservoir to .the chamber in 
response to the pressure differential between the two 
sides. The valve opening is modeled as a quasi-static 
linear function of the pressure differential across the 
valve. The flow rate Q, and the pressure drop across the 
valve, AP, are related as: 

AP = ^P^-] +IQ -m 
where p = density of the fluid, /=channel inductance, A = 
surface area of the valve opening for flow across the 
valve, f = the loss coefficient, a flinction of Reynold's 
number corresponding to the instantaneous flow rate, 
determined fix)m a standard look-up table. 

FABRICATION 

The micro-pump is fabricated as a multi-layer 
Structure as schematically illustrated in Figure 1. The 
device is assembled from seven layers—3 SOI wafers, 1 
Si layer and 3 pyerx layers—as shown numbered in the 
cross-section figure in Fig. 1. To achieve a compact 
design using minimum number of layers, both surfaces of 
each layer were efficientiy utilized by implementing 
multiple lithography steps for the SOI wafers. For 
complete details on the microfabrication of the layers, 
interested readers may refer [4]. After the microfabrication 
process, the top three SOI wafers (layers 4,5, and 6) were 
aligned using an Electronic Visions system and fusion 
bonded at 1100°C in nitrogen for 1 hour. The bonded 
wafer stack was cut into chips of size 16.7 mm by 
15.7 mm chips using a die-saw, cleaned in water, acetone, 
methanol, and isopropanol successively, and finally dried 
in air. The glass wafers were processed with diamond 
drills and die-saw cut into small chips, then, the Si and 
glass interface in the bottom stack (layers 1,2, and 3) and 
in top stack (layer 7 and the bonded stack 4, 5, 6) were 
separately anodically bonded at about 300PC. A ceramic 
PZT-SH piezoelectric cylinder 1 mm in diameter and 
1 mm in height was manually placed in the in the middle 
of die glass hyer 3 in the bottom stack, and the piezo-Si 
interfaces were eutecticaily bonded using a Ti-Pt and Au- 
Sn alloys. Figure 4 shows a picture of a fully assembled 

Figure 4. Asseinbled micro-pump with electiical leads. 

TESTING AND MODEL CORRELATION 

An experimental rig (Figure 5) that includes low and 
high-pressure reservoirs, control valves, pressure, voltage, 
and current sensors and flow meters was constructed to 
test the micro-pump, the micro pump device is placed in 
a specially designed aluminum jig (shown in the inset in 
Figure 5) with O-rings for connection to the inlet and 
outlet fluid chatmels. Static and dynamic pressure sensors 
are placed directly before and after the device to monitor 
the LPR and HPR pressures. A micromachined membrane 
within the top structure of the device pump chambo- 
allows for measurement of the internal pressure as a 
function of the membrane deflection using an MTI laser 
probe deflection sensor. In order to avoid any air bubbles 
in the device, die fluid channels and cavities in the micro 
pump were first evacuated with the aid of a vacuum pump 
followed by a few cycles of purging the channels vnth a 
solvable gas (Nj) and evacuating. Finally, the device was 
filled with the degassed fluid at a controlled rate. 

Figures. The experimental rig for testing micro-pump. 
The inset shows packaging jig holding the micro-pump. 

The performance of the micro-pump was evaluated by 
varying voltages across the piezo from 0 to 1600V with 
bias voltages in the range of 300-6(X) V, and frequencies 
from 1 kHz to 12 kHz. The inlet pressure was maintained 
at 850 kPa, and the differential pressure across the pump 
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was varied from 0 to 500 kPa. Flow rates were measured 
using fluid rotameters directly before and after the device, 
and pressure signals were acquired using the Lab View 
data acquisition system. Highest flow rate recorded was 
2500 nl/min at 1200 V peak-to-peak voltage, 600 V bias 
voltage, and 4.5 kHz, and zero differential pressure. 

Figures 6, 7, and 8 show the model correlation curves 
illustrating the performance characteristics of the micro- 
pump. In Figure 6, the plot of flow rate as a function of 
drive frequency at zero pressure differential is shown. It 
can be seen tfiat a good correspondence between the 
model and experiment was achieved in low frequency 
regime, however, in the high frequency regime, fluidic 
resonance effects that wwe not predicted in the simulation 
were observed. The resonance effects are attributed to the 
geometry of the experimental rig. 
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Figure 7. Flow rate versus drive frequency at 1200 V 
peak-to-peak voltage, and zero differential pressure. 

Figure 7 shov« the plot of the flow rate versus the 
pressure differential across the inlet-oudet at 35 kHz and 
1200 V P-P drive voltage and 600 V bias volUge. 
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Figure 7. Pressure differential versus flow rate. 

Figure 8 shows the relation between the flow rate and the 
peak-to-peak voluge across the piezo element at a drive 
frequency of 3.5 kHz, a bias voltage of 600 V, and zero 
differential pressure. The flow rate increases with the 
voltage moDOtonically but not linearly. The slight 
difference in the slopes of the model and experimental 
curves is attributed to the non-linear behavior of the 
tethers that was not modeled in the simulation. 

1000      1200 
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1400      1600 

Figure 8. Flow rate vs. piezo peak to peak voltage at 3.5 
kHz (irive frequency 

CoNCLUDiNO REMARKS 

A piezoelectrically driven passive valve hydraulic 
micro-pump operating at very high frequencies and 
yielding a high flow rate of ZS ml/min has been 
successfully fabricated and tested. This work has 
demonstrated the technical feasibility of critical micro- 
fabrication processes, bulk piezo-silicon'integration, and 
fluid-filling techniques, and thus offers exciting prospects 
for accomplishing high specific power micro-hydraulic 
transducers, a new technology under development at MIT. 
A more rigorous and systematic study is under way to 
better understand the behavior and to improve the micro- 
pump performance by either eliminating or exploiting the 
fluidic resonance effects. The next generation micro- 
pumps, currently under development, will feature active 
valves and the single crystal piezo (PZN-PT) element for 
drive both in the pump chaxnber and the' valves. As a 
result, a ten-fold increase in the performance is expected. 

ACKNOWLEDGEMENTS 

This research was sponsored by DARPA under Grant 
# DAAG55-98-0361 and by ONR undta- Grant # N00014- 
97-1-0880. 

REFERENCES 

[1] Hagood, N., et al. "Micro-hydraulic Transducer 
Technology for Actuation and Power Generation", 
Proceedings of SPIE, Vol. 3985(2000), Newport 
Beach, CA, March 5-9,2000, pp. 680-688. 

[2] Gravesen. P., Branebjcrg, J., Jensen. O. S., 1993, 
"Microfluidics-A Review," / Micromech. Microeng., 
3 (1993), pp. 168-182. 

[3] Shoji, S., and Esashi, M., "Microflow Devices and 
Systems," J. Micromech. Microeng. 4 (1994), pp. 
157-171. 

[4] Li, H.-Q. et al., "A High Frequency High Flow Rate 
Piezoelectrically Driven MEMS Micropump," 
Proceedings (CD ROM). Solid State Sensor and 
Actuator Workshop. Hilton Head Island, SC, June 4- 
8,2000, pp. 69-72. 

300 



JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 12, NO. 1, FEBRUARY 2003 

A Piezoelectric Microvalve for Compact 
High-Frequency, High-Differential Pressure 

Hydraulic Micropumping Systems 
David C. Roberts, Hanqing Li, J. Lodewyk Steyn, Onnik Yaglioglu, S. Mark Spearing, Member, ASME, 

Martin A. Schmidt, Senior Member, IEEE, and Nesbitt W. Hagood 

Abstract—A piezoelectrically driven hydraulic amplification 
microvalve for use in compact high-performance hydraulic 
pumping systems was designed, fabricated, and experimentally 
characterized. High-frequency, high-force actuation capabilities 
were enabled through the incorporation of bulk piezoelectric ma- 
terial elements beneath a micromachined annular tethered-piston 
structure. Large valve stroke at the microscale was achieved 
with an hydraulic amplification mechanism that amplified 
(40 X —50x) the limited stroke of the piezoelectric material into 
a significantly larger motion of a micromachined valve membrane 
with attached valve cap. These design features enabled the valve 
to meet simultaneously a set of high frequency (>1 kHz), high 
pressure(>300 kPa), and large stroke (20-30 /im) requirements 
not previously satisfied by other hydraulic flow regulation mi- 
crovalves. This paper details the design, modeling, fabrication, 
assembly, and experimental characterization of this valve device. 
Fabrication challenges, such as deep-reactive ion etching of the 
piston and valve membrane structures, wafer-level silicon-to-sil- 
icon fusion bonding, wafer-level and die-level silicon-to-glass 
anodic bonding, preparation and integration of piezoelectric 
material elements within the micromachined tethered piston 
structure, and filling of degassed fluid within the hydraulic 
amplification chamber are detailed. [829] 

Index Terms—Hydraulic amplification, MEMS, micropump, 
microvalve, piezoelectric. 

„ I. INTRODUCTION 

THE development of a fluidic microvalve, capable of 
high-frequency control of high-differential pressure liquid 

fluid flows, is a key task in the realization of compact high per- 
formance micropumping technology. Currently, many research 
efforts around the world are vmderway to develop compact 
liquid micropumping systems, the term "micro" referring to 
devices which are created with fabrication procedures capable 
of /ijn-size tolerances and which produce overall micropump 
dimensions on the order of a few miUimeters to a few centime- 
ters. However, the vast majority of these systems are designed 
for low pressure and low flow rate applications (i.e., drug 
dispensing and microdosing) [l]-[8]. The higher performing 
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of these systems are capable of pumping Uquids with flow 
rates on the order of 1000-3000 fj.L/min (0.017-0.050 mL/s) 
against differential pressmres of no more than 10-50 kPa. 

hi an effort to develop higher differential pressure and 
higher flow rate micropumping systems for both actuation and 
power generation apphcations, a novel class of micro-hydrauUc 
transducer (MHT) devices has been introduced [9]-[13]. These 
devices, which integrate bulk piezoelectric materials within stiff 
micromachined structures to form a fluid pumping chamber 
and two active valves, are designed to enable high frequency 
pumping of fluid (1-10 kHz) against pressure differentials 
on the order of ~0.4-l MPa, creating flow rates near or in 
excess of 0.5 mL/s. The performance of these MHT systems is 
direcdy governed by the pressurization, stroke, and frequency 
capabihties of the active valves employed. The development of 
a microvalve for use within these MHT systems is the subject 
of this paper. 

Although a significant amount of Uterature is available de- 
scribing the development of active valve devices and technology, 
few if any have been designed for high frequency control of 
high differential pressure Uquid fluid flows. Microvalve designs 
using thermopneumatic actuation [14], [15], thermal bimetaUic 
actuation [16], SMA actuation [17], electrostatic actuation 
[18], [19], electi-omagnetic actuation [20], [21], piezoelectiic 
bender-type actuation (both thin-film and thick film) [22], [23], 
and piezoelectric stack-type actuation [24]-[26] have been 
presented. All of these microvalves share a common operational 
geometry in that a valve cap is affixed to a diaphragm or mem- 
brane structure which carries the cap through a predetermined 
stroke. Based on the reported capabihties, none of these valves is 
capable of simultaneously satisfying the set of high frequency, 
high differential pressure, and large stroke requirements needed 
within full MHT liquid micropumping systems. 

The thermal actuation designs (based on thermopneumatic, 
thermal bimetaUic, and shape memory alloy principles) po- 
tentially can achieve large stroke and reasonable actuation 
force. However, these devices exhibit excessive power con- 
sumption and poor response times on the order of seconds. 
High-frequency actuation in the kHz range is unachievable. 
The electirostatic devices are Umited in their deflection and 
pressure generation capabilities, since the electrostatic force 
generated between two parallel plates scales inversely with 
their spacing and since electrical breakdown across the gap 
must be avoided. The electromagnetic concepts are impeded 
by the overall size of external solenoid and housmg structures 
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needed to actuate the valve structure. Piezoelectric thin-film 
and thick-film bender-type designs are limited in their ability to 
generate both high force and large deflection output. The work 
in (24]-[26] aimed at solving this limited valve stroke problem 
through the use of a stack-type piezoelectric actuator material 
attached directly to the valve membrane. In order to achieve 
a reasonable stroke of 8 nm, however, the piezoelectric stack 
material was required to be quite long (~9 mm), and the valve 
membrane structure was designed to be relatively compliant 
to compensate for the tolerance mismatch between the stack 
and the surrounding structure. These characteristics resulted in 
limited differential pressure (< 50 kPa) and limited frequency 
(< 50 Hz) capabilities for the valve device. 

A promising concept for achieving high frequency opera- 
tion (>1 kHz) in conjunction with large differential pressure 
(>300 kPa) and large valve stroke (20-30 fun) capabilities in- 
volves the use of miniature-sized bulk piezoelectric elements 
(for example 1 mm in thickness—ahnost an order of magnitude 
smaller in length than those in [24]-[26]), actuating a stiff mi- 
cromachined piston-type structure, with an integrated area-ratio 
hydraulic amplification mechanism for amplifying the limited 
deflection of the piezoelectric material into a significantly larger 
valve cap stroke. This concept for microscale systems has been 
introduced in [12] and [13]. Numerous macroscale piezoelec- 
tric hydraulic amplification mechanisms have been presented in 
the Uterature. In an application for active vibration control, a 
piezoelectric actuator uses the volume change of a piezoelectric 
ring to create a large deflection of a smaller area contact surface 
[27]. In an application for vibration control of a rotary dynamic 
system, the deflection of a stack-type piezoelectric actuator is 
coupled through an hydraulic line to a smaller size piston, which 
helps to control the motion of a rotating shafl [28]. These and 
other [29] piezoelectric hydraulic amplification mechanisms are 
novel in design, yet do not face the difficult fabrication, as- 
sembly, and tolcrancing challenges inherent in the development 
of microscale systems. 

This paper details the development of a compact piezoelec- 
tric hydraulic amplification microvalve to enable the realization 
of high fi-equency, high differential pressure micropumping sys- 
tems. The paper is organized as follows. Section U describes the 
microvalve geometry and its principle of operation. Section III 
presents modeling tools and dynamic simulations that were de- 
veloped to design the valve structure. Section IV outiines the 
fabrication and assembly procedures developed to create the 
active valve device. Section V details the results of two sub- 
component studies carried out to validate the concept of the ac- 
tive valve. Section VI outhnes the final active valve design ge- 
ometry. Section VII presents an overview of the measurement 
set-up and experimental test plan to evaluate the valve perfor- 
mance. Section VIII discusses the experimental results and pro- 
vides model-experiment correlation for the quasistatic and dy- 
namic performance of tiie active valve device. Last, Section K 
presents conclusions for tiiis research work. 

II. PRINCIPLE OF OPERATION 

The microvalve geometry is shown in Fig. 1. The active valve 
consists of three primary components: a piezoelectric drive ele- 
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Fig. I. A schematic of the piezoelectrically driven hydraulic amplification 
microvalve. The primary structural components are designated with arrows. 
External hydraulic system pressure loading is applied on the top surface of the 
valve cap and membrane. 

ment, an enclosed hydraulic amplification chamber (HAC), and 
a membrane with attached valve cap. The drive element incorpo- 
rates a circular piston structure supported from beneatii by one 
or more small bulk piezoelectric cylinders and is suspended cir- 
cumferentially from a surrounding support structure by thin an- 
nular micromachined tethers. This novel compact "piston-type" 
design enables high frequency actijation against a large external 
pressurization due to the high stiffness of the piston structure 
and integration of miniature bulk piezoelectric elements beneath 

. the piston using a thin-film bond layer. 
The lateral dimensions of the tethers are designed to make 

the tediers compliant enough to allow for rigid piston motion up 
and down, yet stiff enough to resist bowing under pressurization 
caused by the hydrauUc fluid above the tether during actuation. 
The tethers provide a seal between the hydraulic fluid above the 
piston and the piezoelectiic chamber below the piston, and also 
provide a path for electrical contact to the top surface of the 
piezoelectric cylinders. The fluid chamber resides between the 
top surface of the drive element piston and the bottom surface of 
a thin, smaller diameter silicon micromachined valve cap mem- 
brane. In response to applied piezoelectric voltage, the piezo- 
electric material strains. The resulting deflection of the drive 
element piston generates a pressure within the hydraulic am- 
pUfication chamber which in turn deflects the valve cap and 
membrane against a fluid orifice, thereby regulating fluid flow 
through the external hydraulic system. The pressure loadings on 
Uie valve cap and membrane during device operation depend on 
the external microfluidic system ^plication. The piezoelectiic 
material capabilities, the ratio of the piston diameter to the valve 
membrane diameter, the compliances of the fluid and stinchiral 
elements in the chamber, the severity to which the valve cap 
membrane experiences nonlinear behavior, and the nature of the 
external loading all contribute to the performance of this mi- 
crovalve device. 
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Fig. 2. Structural components included within active valve analytical model. 
All structures were modeled using linear theory, except for the valve cap and 
membrane structure, which required the development of nonlinear numerical 
modeling tools. 

m. MODELING AND SIMULATION 

Comprehensive quasistatic and dynamic analytical modeUng 
tools were developed in an effort to design the yalve structure 
based on operational requirements and subsequently to predict 
the valve behavior in response to applied piezoelectric material 
voltage and external pressure loading. As shown in Fig. 2, the 
piezoelectric material behavior, the bending of the drive element 
piston and deformation of the annular tethers, the hydraulic am- 
plification chamber fluid compressibility, the structural compli- 
ance of the top support plate, the structural deformation of the 
bottom support plate, and the deformation of the valve cap and 
membrane structure were captured by these modeling tools (see 
Fig. 3). 

The deformations of the plate structures were modeled using 
bending and shearing relations to determine the structural de- 
flections and fluid swept volumes. Detailed discussions of these 
active valve modeling procedures are foimd in previous pub- 
lications [12], [13]. Altiiough the majority of stiiictural defor- 
mations within the valve could be evaluated using Unear plate 
theory, the modeling of the valve cap and membrane structure 
had to include in-plane tensile relations to properly capture the 
nonlinear large deflection behavior associated with valve cap 
deflections in excess of the membrane thickness. Associated 

Valve Membrane Large Deflecaon 
Behavior: 

Look-Up Tables: 

Table Fvc    *- Given: Zvc, Pvm    Interpolate: Fvc 

Table dVvm        *- Given: Zvc, Pvm    Interpolate: dVvm 

Table cmiax »- Given: Zvc, Pvm    Interpolate: omax 

Fig. 3. Numerical modeling tools were used to generate look-up tables 
for the nonlinear large deflection behavior of the valve cap and membrane. 
Given a prescribed valve cap displacement Z.„c and pressure loading across 
the membrane P»m, a look-up table for each of F^^, dV„rr^, and a„„ was 

nimierical modeling tools, detailed in [30], were incorporated 
into the overall active valve structural model for this purpose. 

To capture the nonlinear effects of the valve membrane de- 
formation at high frequency, and to include important dynamic 
effects, such as the drive element piston inertia and the valve cap 
inertia and damping, a Simulink simulation architecture was de- 
veloped. The structural compliances within the active valve sim- 
ulation were based upon the linear and nonlinear modeling tools 
discussed above. Look-up tables were implemented within the 
simulation to enable efficient calculation of the valve membrane 
deflections and stresses at every time step. Taking as inputs the 
valve cap displacement Z„c and the net pressure across the valve 
membrane P^m = PnKC— PQVT . a lookup table was employed 
for each of the following output variables: die valve cap force on 
the membrane F„c, die swept volume beneath the valve cap and 
membrane dV^m. and the maximum radial stress in the mem- 
brane avm- 

Dynamic relations for the valve cap and drive element piston, 
schematically shown in Fig. 4, were also implemented to incor- 
porate structiaral mass and damping. The dynamic behavior of 
the drive piston structure and the valve cap structure can be de- 
scribed by the following relations, respectively, 

MpisZte + CpisZie = ApTp - ApisPnAC + Fte        (1) 

Mj;cZvc + CocZvc = AVC{PYIAC — Pm) + F^c      (2) 

where Ap,, is the piston area, Mpis is the piston mass, Ap is the 
piezoelectric material area, A.uc is the valve cap area, and M^c 
is the valve cap mass. The damping coefficient <7pis is a lumped 
parameter that includes the effects of sOructural damping in the 
tethers and damping due to fluid-structural interaction within 
the hydraulic amplification chamber. The damping coefficient 
<7„c is a lumped parameter that includes the effects of struc- 
tural damping in the valve membrane and potential squeeze film 
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Eg. 4. Dynamic modeling of the valve cap and drive element piston 
stnictures: (a) valve cap mass, M„^, and damping, C.^; (b) piston mass, Mpi., 
and damping, Cpi.. Values for the damping coefficients were estimated, then 
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Fig. 5. Valve orifice represenution: (a) valve cap geometry and fluid flow 
areas and (b) rq)resentation of flow through valve as a flow contraction followed 
by a flow expansion. 

damping due to the valve cap motion as it closes against the fluid 
orifice. 

Pressure-flow relations through the valve orifice were in- 
cluded in the overall valve simulation, with the orifice structure 
being represented by a flow contraction followed by a flow 
expansion. An integral analysis gives a relationship for the 
combined effect of this flow expansion and contraction. The 
loss coefficient ?ort/ice is defined as the total pressure drop 
^P = ^iN - i'ouT over the dynamic pressure based on the 
orifice local mean velocity (fi = Q/Ao), 

^orific 
AP 

where the upstream flow area is defined as Ai, the throat area 
is defined as Ao, and the downstream flow area is defined as A2 
(see Fig. 5). 

TTiis approximation holds only for Reynolds numbers in 
excess of 10000 (i.e., ftiUy turbulent flow). In high-perfor- 
mance micropumping systems, Reynolds numbers fluctuating 
between 10 and 20000 are expected as the valve cap opens and 
closes [31]. For this reason, empirical correction factors were 
employed to obtain better estimates for the loss coefficients 
of the laminar and turbulent flow regimes within this range 
[31]. These higher order loss effects were represented with a 
Reynolds number dependent coefficient C{Re) as a multiplier 
of Wifice. thereby altering the pressure-flow relation for the 
orifice. 

AP: Pin - POUT = ■^pC{Re)<;orific (I) (4) 

The structural and fluidic modeUng tools presented in this 
section were combined to form a system-level Simulink sim- 
ulation that was then used to design the active valve geometry 

to satisfy performance requirements and to provide model cor- 
relation for subsequent experimental results. The simulation ar- 
chitecture for the structural components of the active valve con- 
sisted of four major subsystems, as shown in Fig. 6: a matrix 
of linear coefficients describing the active valve structural be- 
havior, including that of the piezoelectric material, a collection 
of nonlinear look-up tables that captures the large-deflection 
valve membrane deformation and stress behavior, a valve cap 
dynamics block, and a drive piston dynamics block. 

IV. FABRICATION AND ASSEMBLY 

The fabrication process flow for the microvalve involved 
the micromachining and assembly of three silicon-on-insulator 
layers, two silicon layers, and four glass layers. A cross-section 
schematic of the microvalve device is shown in Fig. 7. The 
drive element tethered-piston structure was created through 
deep-reactive ion etching of Layers 4 and 5 separately, followed 
by wafer-level fusion bonding of the two wafers together to 
form a double-layer piston structure. During etching of the 
annular tethers in each of Layers 4 and 5, control of the fillet 
radii at the oxide etch-stop was critical, in order to minimize 
stress concentrations [32], [33]. Fig. 8 presents scanning-elec- 
tron micrograph (SEM) images of a Layer 4 piston structure 
with well-controlled fillet radii, prior to bonding with Layer 5. 
The valve cap and membrane structure was also created using 
deep-reactive ion etching, with a similar requirement for good 
dimensional control of the fillet radii. 

The middle glass layer (Layer 3) forms the drive element 
support structure and the top (Layer 9) and bottom (Layer 1) 
glass layers provide structural support. The bottom silicon layer 
(Layer 2) and drive piston silicon layers (Layers 4,5) provide 
a path for electrical contact to the piezoelectric cylinders. The 
top four silicon layers (Layers 4,5,7,8) and glass layer (Layer 6) 
house the hydraulic amplification chamber, valve cap and mem- 
brane structure, and fluid inlet and outlet channels. In order to 
provide a bottom structiu^ stop for the valve cap as it moves 
away fi-om the orifice, the Layer 6 glass layer was designed 
with a series of small through holes to connect the bottom por- 
tion of the hydraulic amplification chamber above the drive el- 
ement piston to the top portion of the chamber directly beneath 
the valve cap and membrane. Although not shown in Fig. 7, 
a small fluid channel connecting the valve HAC chamber to 
an external pressure regulator was micromachined in Layer 7. 
This channel enabled control of a bias pressure PbUu within 
the chamber during device testing, however, due to its flow 
impedance characteristics, effectively allowed high fi-equency 
•PHAC pressure oscillations about the bias pressure during ac- 
tive valve operation. All glass wafers were machmed ultrason- 
ically. All silicon-silicon wafer interfaces were bonded with a 
wafer-level high-temperature (~ 1300 °C) fusion bonding pro- 
cedure, and all sihcon-glass layer interfaces were bonded using 
a low temperature (~ 300 °C) anodic bonding process (either 
at the wafer-level or die-level depending on the process step) 
with an applied voltage of 1000 V. Thin venting channels were 
etched in Layers 4 and 5 to prevent pressurization and potential 
plastic deformation or fi-acture of the piston tethers during the 
high temperature fusion bonding procedure. Attachment of the 
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Fig. 6.   Dynamic Simulink active valve system architecture, showing Imear structural deformation matrix, valve cap and membrane nonlinear look-up tables, 
valve cap dynamics block, and drive element piston dynamics block. The fluid flow blocks are not shown in this figure. 
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Fig. 7. Two-dimensional schematic of the multilayer silicon and glass 
microvalve structure. Five silicon layers, four glass layers, and one or more 
piezoelectric material cylinders are joined together to form the microvalve. 
Enclosed fluid within the hydraulic amplification chamber couples the drive 
element piston deflection to the valve cap motion. 

top and bottom piezoelectric cylinder surfaces to the adjoining 
silicon was achieved with a low temperature (~ 300 °C) AuSn 
eutectic bond, as detailed in [11], [34]. 

A four layer film structure on the piezoelectric material and a 
three layer film structure on each of the adjoining silicon layers 
was deposited in preparation for bonding. The four layer struc- 
ture on the piezoelectric material consisted of 50 nm Ti, 250 run 
Pt, 4000 nm AuSn, and 50 nm Au. The Ti served as an adhe- 
sion layer, the Pt as a diffusion barrier, and the final Au as a 
capping layer to prevent oxidation of Sn in the AuSn alloy. The 
AuSn layer, chosen to be thick enough (4 /im) to compensate for 

the piezoelectric material surface roughness (~ 0.5 nm), was 
sputtered from an alloy target with 80 wt. % Au and 20 wt. % 
Sn composition. The diree layer Ti-Pt-Au structure on each of 
the adjoining silicon pieces enabled the eutectic alloy to wet the 
sihcon and was deposited on the die-level using e-beam evapo- 
ration procedures. 

One of the critical issues during integration of the piezoelec- 
tric material elements was guaranteeing an upward deflection 
of the drive element piston large enough to ensure a preload on 
the eutectic alloy interface during bonding, yet small enough 
to ensure that stresses in the piston tethers during bonding and 
subsequent high-frequency operation were below critical levels. 
Typically, for the active valve structures developed in this re- 
search, limitmg tether stresses near 1 GPa [33] were reached 
for piston deflections approaching 10 /zm. With a conservative 
safety factor taken into account, the devices were therefore toler- 
anced such that a "piston push-up" of ~ 2 /^m could be guaran- 
teed. This tolerancing, shown in Fig. 9, was achieved by plasma 
etching shallow seats (typically 30-40 /zm in depth) beneath the 
piezoelectric element location in Layer 2. 

Following the assembly of the active valve device, a proce- 
dure was carried out to pole the piezoelectric material within 
the drive element structure. This was done by heating the device 
to 70 °C and applying an electric field across the piezoelectric 
element of 1000 V/mm. Once poled, the hydraulic ampUfica- 
tion chamber of the device was filled and sealed with degassed 
silicone oil, as detailed in [35]. The active valve device was, 
at this point, ready for testing. A photograph of a completed 
nine-layer microfabricated valve is shown in Fig. 10, as part of 
a fiill chip-level MHT micropvunping system. 
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close-up of the fillet radius. In this stnicture, a 20-25 ,xm fillet radius was achieved. Debris in background was generated during die-saw procedures 
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Fig. 9. Tolerancing of the piezoelectric element within the drive element 
structure was accomplished by etching shallow seats in the top surface of 
Layer 2. Precise control of the etch depth was necessary to achieve a controlled 
"push-up" of the drive element piston during bonding operations. 

V. VALVE SUBCOMPONENT VALIDATIONS 

The development program for this active valve device in- 
volved the validation of two primary subcomponent device plat- 
forms prior to assembly and characterization of the complete 
active valve device. These two subcomponent platforms were 
1) the piezoelectric drive element structure, encompassing the 
challenge of integrating the miniature piezoelectric element(s) 
beneath the micromachined tethered piston structure and 2) the 
hydraulic amplification unit, as a means to prove the capability 
to fill the HAC chamber with degassed fluid and to achieve am- 
plification of the piston motion into a significantly larger valve 
cap deflection. 

A. Drive Element Subcomponent Validation 

The purpose of this effort was to evaluate the fabrication and 
assembly process flow for integrating piezoelectric material ele- 
ments within the miaomachined drive element structure and to 
obtain quasistatic and high-frequency experimental data on the 

completed actuator structures. The previously published work 
[11] provides a comprehensive overview of this subcomponent 
study. In general, this study, through the assembly and testing of 
a series of drive element devices, proved the ability to integrate 
both single and multiple (three) piezoelectric material elements 
beneath double-layer micromachined tethered-piston structures, 
as shown in Fig. 11. The presence of three elements spread out 
beneath the piston enabled higher stiffbess actuation capabilities 
by eliminating tilting and bending behavior of the piston struc- 
ture. Additionally, this study verified that high-strain capability 
single-crystal (PZN-PT) piezoelectric material [36], in addition 
to standard polycrystalline PZT-5H material, could be success- 
fiilly incorporated. Three-cylinder P2:N-PT devices were exper- 
imentally characterized up to a frequency of 200 kHz for drive 
voltages between 50 V and 1000 V. Results showed that these 
microactuator structures exhibited negligible bending and tilting 
for quasistatic operation up to 15 kHz and that first modal be- 
havior did not occur until frequencies in excess of 80 kHz [11]. 

B. Hydraulic Amplification Validation 

The purpose of this effort was to validate the concept of hy- 
draulic amplification between the piston and valve cap struc- 
tures. HAC devices, consisting of Layers 4 through 9, were con- 
structed to validate fluid filling and device operation without the 
effects of piezoelectric material integration beneath the piston 
structure. The previously presented work [35] provides a com- 
prehensive overview of this subcomponent study The assem- 
bled devices were successftilly filled with degassed silicone oil 
(hexamethyldisiloxane, produced by Dow Coming under the 
trade name DC200 0.65 centistoke) and device amplification ra- 
tios up to 40 X were measured. 
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(a) (b) 

Fig. 10.   Photograph of a nine-layer silicon and glass piezoelectrically driven hydraulic amplification microvalve, as part of a full MHT system. Dimensions of 
the valve structure within the fiill MHT chip are 8 mmx 8 mmx 5 mm. 
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Fig. 11. Three-dimensional schematic of a piezoelectric drive element device. 
Three piezoelectric cylinders are sandwiched between a lower support silicon 
layer and an upper double silicon layer tethered-piston structure. Voltage is 
carried along the upper and lower silicon layers. 

VI. FINAL ACTIVE VALVE DIMENSIONS 

The dimensions of the fabricated final active valve device are 
illustrated in Fig. 12. The device incorporated three PZN-PT 
piezoelectric square elements (each with cross-sectional area 
1.06 mmx 1.06 mm) beneath a double-layer tethered piston 
structure. The top and bottom tethers of the piston were each 
250 /xm in width and each had a thickness of 8 /im. A valve cap 
and membrane structure was positioned above the hydraulic 
amplification chamber, with a structural stop (formed by the 
glass Layer 6 within the HAC chamber) ~ 16.5 /im below the 
equilibrium position of the valve cap. Glass Layer 6 contained 
a series of "HAC through-holes" to carry the fluid from the 
lower to upper portion of the HAC chamber The valve cap 
had a diameter of 500 /im and the valve membrane had an 
outer diameter of 1400 /xm and thickness of 6 /im. A valve 
orifice was located ~ 16.5 fim above the valve cap equilibrium 
position. The orifice had an inner diameter of 450 /zm. 
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tHAC- JL 
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Lower Vajye Stop   upper Valve Slop 

1 Top stop 
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Fig. 12. Dunensions of the fabricated active valve devices. Three square 
PZN-PT elements were incorporated l)eneath a double-layer tethered piston. 
A valve cap and membrane structure interacts with the fluid orifice structure 
at Z^c — +16.5 nm and with the glass Layer 6 structure within the HAC 
chamber at 2„c = —16.5/im. 

VII. EXPERIMENTAL TEST PLAN 

Testing of the active valve device was divided into two pri- 
mary efforts. The first effort focused on characterizing the ac- 
tuation capabilities of the valve structure without the effects of 
differential pressure and flowing fluid above the structure. In 
this effort, the dynamic behavior of the active valve device was 
evaluated and the range of driving frequency for which the valve 
behaved in a quasistatic manner was determined. Additionally, 
at the determined maximum quasistatic operational frequency. 
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the Structural amplification ratio of the valve device was charac- 
terized as a function of applied voltage to the piezoelectric drive 
element. Once the device was proven to be a successful actu- 
ator, the second effort focused on evaluating its flow regulation 
capabilities and limitations. In this effort, the flow regulation 
capability of the valve device at the maximum quasistatic oper- 
ational frequency of the structure was evaluated as a function of 
increasing differential pressure across the valve orifice. In this 
manner, the valve performance limitations could be determined 
as the differential pressure was increased. 

The aforementioned tests required the development of 
testing rigs and experimental procedures to measure accurately 
the drive element piston and valve cap structural vibrations 
within the multilayered device. A laser vibrometer system, 
with a micro-lens attachment, was used for these vibration 
measurements [37]. The active valve chip-level device was 
mounted in a test-jig which included fluid inlet and outlet 
ports to the chip, as well as through-holes for alignment of the 
vibrometer laser beam on the key structural components within 
the device. The accompanying fluids testing rig was comprised 
of fluid reservoirs, absolute and differential pressure sensors 
for measuring the inlet and outlet pressures into the device, 
and a calibrated real-time flow sensor for measuring flow rates 
through the valve. Additionally, a data-acquisition system was 
implemented to enable real-time drive signals to the device and 
measurements from the device and testing rig. 

VIII. RESULTS A^fD DISCUSSION 

A. Device Actuation Capabilities 

To characterize the frequency-dependent behavior of the ac- 
tive valve device, a low-voltage (0 V ± 5 V) sweep signal from 
500 Hz to 100 kHz was applied to the piezoelectric drive ele- 
ment structure. The valve cap and piston velocities were mea- 
sured using the laser vibrometer system. The corresponding dis- 
placements were obtained through post-process integration of 
the velocity signals. Fig. 13 overlays the frequency response of 
the drive element piston with that of the valve cap, for the case 
in which oil is present above the valve structure but for which no 
differential pressure or flowing fluid occurred across the valve 
orifice. These tests were performed with Pbias = 500 kPa to 
eliminate the possibility of cavitation widiin the HAC chamber. 
Additionally, the pressures above the valve cap and membrane 
were maintained at PIN = PQUT = 500 kPa. 

The piston and valve responses both followed the same pat- 
terns across the frequency range. The valve first modal fre- 
quency was observed to occur at ~5 kHz. The additional peaks 
in the response were most likely a result of fluid-structure inter- 
actions between the oil and the experimental test-jig flow tubes 
external to the device or between the oil and the flow channels 
internal to the device. The increase in piston displacement am- 
plitude at frequencies below 1 kHz was due to measurement lim- 
itations in the vibrometer system. Below 1 kHz, the measured 
velocities were of the same order as the noise floor, whereas 
at higher drive frequencies, the measured velocities were suffi- 
ciendy above the noise floor to provide accurate measurements. 
The results indicate that the amplification ratio of the valve de- 
vice was steady (between 40 x -50x) over the range of fre- 
quencies below resonance. 

Valve Cap, Piston Frequency Response: Pbias=500kPa, V=0V+-5V 

Frequency (kHz) 

Fig. 13. Low-voltage (0 V ± 5 V) piston and valve cap frequency responses 
from 500 Hz to 100 kHz, with oil present above flie valve structure. The top 
figxue plots the valve cap and piston amplitudes, while the bottom figure plots 
the corresponding phase. The bias pressure in these tests was maintained at 
A.i„ = 600 kPa. An amplification ratio between 40 x -50x is observed 
for frequencies below 5 kHz. 

The previous frequency sweep experimental tests found the 
1st modal frequency of the device to be ~5 kHz. In order to 
evaluate the quasistatic performance of the structure under the 
larger drive voltage levels at which the valve was designed to 
operate, a fi-equency of operation of 1 kHz was chosen. Fig. 14 
plots the valve cap and piston displacement time histories, re- 
spectively, at this drive fi-equency over a range of applied volt- 
ages fi-om 50 Vpp to 800 Vpp. In Fig. 14(a), the dotted hnes 
at -H6.5 ixm and -16.5 /im indicate the position of the upper 
and lower valve stops, respectively. For an applied voltage of 
50 Vpp, the response of the valve cap was purely sinusoidal. 

As the voltage was increased to 800 Vpp, the resulting valve 
cap displacement time history contained small amplitude higher 
fi-equency (~5 kHz) oscillations due to the nonlinear nature of 
die valve membrane structure. These oscillations became more 
pronounced as the voltage was increased. In Fig. 14 (b), the drive 
element deflection time histories were somewhat rough in na- 
ture due to the noise level of the measurement system. As the 
deflections increased in ampUtude, the effect of this noise floor 
diminished. It is important to note that for a voltage of 800 V, 
the valve was not deflected sufficiently to close against the valve 
orifice. This was due to the fact that the actual piezoelectric ma- 
terial coefficient was only ~75% of the expected value used for 
the original valve design (see further discussion in subsequent 
paragraphs). 
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(a) Valve Cap Displacement: Freq.=1kHz, Pbias=500kPa 
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Fig. 14. Experimental valve cap and piston deflection time histories for a 
series of 1 kHz sinusoidal drive voltage levels. As the voltage was increased, 
small amplitude 5 kHz oscillations appeared in the deflection responses. Note 
that a voltage of 800 Vpp was not sufficient to close valve cap against the valve 
orifice. 

Fig. 15 takes these deflection time histories and plots the 
valve cap peak-peak displacement, piston peak-peak displace- 
ment, and corresponding device amplification ratio as a func- 
tion of apphed voltage to the piezoelectric drive element. The 
amplification ratio was observed to decrease from 50 to 40 as 
the voltage was increased, as illustrated in Fig. 15(c). 

If the structural system was composed of elements operating 
only in their linear deformation regimes, this amplification 
ratio would remain constant over the voltage range. Due to the 
nonlinear stiffiiess of the valve membrane, however, constant 
incremental changes in voltage result in increased incremental 
changes in the chamber pressure and reduced incremental 
changes in valve cap deflection, as shown in Fig. 15(a). A 
similar result for the piston deflection is shovra in Fig. 15(b). 
This curve, however, exhibits slightly more linearity than the 
valve cap deflection curve, due to the increased incremental 
changes in compressed fluid volume change and structural 
chamber deformation as the voltage is increased. In essence, 
as the voltage is increased, a smaller percentage of the piston 
swept volume is transformed into valve membrane swept 
volume, thereby resulting in a decreasing amplification ratio. 

Fig. 15 also includes model predictions for this behavior. 
Shown on this plot are three curves generated from the ac- 
tive valve simulation tools discussed previously. The first 
curve is the predicted response based on the assumed piezo- 
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Fig. 15. Active valve quasistatic 1 kHz model correlation for increasing 
applied voltage: (a) the valve cap deflection curve was 5-10% below the 
limiting bounds for (£33 = 1300 — 1500 pC/N, (b) the piston deflection 
curve fell withm the limiting bounds for large voltage, and (c) the device 
amplification ratio (between 40x and 50x) agreed very closely with the 
predicted limiting bounds. 

electric material coefficient value of das = 2000 pC/N 
used in the original design of the active valve device. The 
second two model curves are based on limiting values of 
^33 = 1300 — 1500 pC/N determined by measuring a large 
number of individual piezoelectric elements and observing the 
range of piezoelectric coefficients. Active valve performance 
was therefore compared to these limiting model cases rather 
than the ideal case since the piezoelectric elements were deter- 
nuned to be inferior to original design assumptions. The model 
correlation indicates that the experimental valve cap deflection 
curve falls slightly short (at 800 Vpp for example, the cap 
deflection was 26 /xmP-P versus the predicted 31 uniP-P) of 
the prediction limits for ^33 = 1300 - 1500 pC/N, while the 
experimental piston deflection curve falls within these limits 
for large enough applied voltage. Based on these results, it can 
be concluded that an additional compliance mechanism must 
exist within the HAC chamber, most likely due to a smaller than 
expected value of fluid bulk modulus. A fluid bulk modulus 
of Kf = 2 GPa was assimied in the active valve models and 
simulations [37]. The corresponding device amplification ratio, 
as shown in Fig. 15(c) decreased slightly from ~ 50x for a low 
voltage of 100 Vpp to ~ 40 x for a high voltage of 800 Vpp, 
consistently within 5-10% of the limiting model predictions. 
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TABLE I 
ACTIVE VALVE AcruAnoN CAPABIUTIES 

Performance" 
Characteristics 

Ist Modal tYequency 
Piston Deflection 
(QlkHz, SOOVpp) 

Valve Cap Deflection 
(@lkHz, SOOVpp) 

Amplification Ratio 
(QlkHz, SOOVpp) 

Kxperimental 
Results 
Tun 

0.65/jm pp 

26^m pp 

4(5x 

Model 
Predictions 

14 kHz 
0.72/jm pp 

31fi7n pp 

43x 

Table I summarizes the critical actuation capabilities of the 
active valve device in comparison to model predictions. As dis- 
cussed previously, the valve 1st modal frequency occurred at 
~5 kHz. Finite-element models of this valve structure had pre- 
dicted a 1st modal frequency of 14 kHz, however, these models 
did not include the presence of oil above the valve cap and mem- 
brane structure. It was this added mass of the oil that reduced the 
1st modal frequency of the valve structure. Future modeling of 
the valve should more carefully include this added mass effect 
when predicting modal behavior. As for quasistatic operation at 
1 kHz, as already discussed, the measured device valve cap de- 
flection fell sUghUy short of predictions. However, the amplifi- 
cation ratio was in excellent agreement with model predictions. 
Overall, this encouraging device performance enabled further 
investigations into the valve's flow regulation capabilities. 

B. Device Flow Regulation Capabilities 

To evaluate the capability of the active valve device to reg- 
ulate flow at 1 kHz, a series of tests was carried out for in- 
creasing imposed differential pressure across the valve orifice. 
Flow regulation tests were performed for differential pressures 
^iN - POUT = 24 kPa, 95 kPa, 145 kPa, 200 kPa, 260 kPa, 
and 340 kPa. A volatile silicone oil (hexamethyldisiloxane, pro- 
duced by Dow Coming under the trade name IX:200 0.65 cen- 
tistoke) was used as the flow regulation fluid. By controlling 
•PHAC with respect to the magnitude of PIN and POUT (using the 
high-frequency channel and corresponding bias pressure regu- 
lator set-up discussed previously), the valve cap was displaced 
statically upward to a deflection of Z^c = U ftm. A sinusoidal 
voltage of 500 Vpp was then appUed to the piezoelectric drive 
element at 1 kHz to actuate the valve cap upward against the 
valve orifice and downward toward the original equilibrium po- 
sition of the valve cap. In all test runs, it was desired to just 
barely close the valve cap against the orifice at its maximum 
displacement, and to maintain Z„c = 0 at its minimum dis- 
placement. In others words, it was desired to always ensure a 
valve opening stroke of 16.5 pm. 

Fig. 16 plots the experimentally measured flow rates for each 
of the differential pressure test cases. An applied voltage of 
500 Vpp was held constant for all of the test cases, and the 
corresponding measured stroke of the valve cap during actua- 
tion is printed inside of each data bar. Fig. 16 also plots the ex- 
perimental results versus the model expectations obtained using 
the active valve simulation tools detailed previously. Model pre- 
dictions for chosen limiting valve strokes of Z^C.PP = 13 nm 
and Z^c.pp = 17 /xm are shown. The model correlation indi- 
cates that the active valve regulates flow in excellent correlation 
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motion, Vp»500Vpp 

* Zvc P-P values printed 
within data bars. 

Empirical Work of Others 
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Fig. 16. Dynamic flow regulation model correlation at 1 kHz for varying 
differential pressures. Correlation is good over range of differential pressures. 
Error bars on the data indicate the measurement error, which was estimated 
based on the flow sensor calibration error and the accuracy of the applied 
differential pressure. 

with the model predictions. Since the flow loss coefficients used 
within the models discussed previously were based on a com- 
pilation of empirical Re data from other researchers, the line of 
predicted behavior in Fig. 16 is understood to be of only 'lim- 
ited accuracy," in other words, it is not based on exact theory. 

Subsequent test runs at differential pressures in excess of 
^N - POUT = 340 kPa resulted in unstable oscillatory motion 
of the valve cap structure, and eventually fracture of the valve 
membrane. The nature of the flow behavior (based on Reynolds 
number) was investigated for a variety of valve opening situ- 
ations in subsequent studies. The results indicated that these 
self-excited valve cap oscillations were most probably a result 
of transitional flow (between laminar and turbulence) through 
the valve orifice structure, a regime which limited the valve op- 
eration to relatively low differential pressures of no more than 
340 kPa. A comprehensive overview of these unstable oscilla- 
tory valve cap experiments is detailed in [37]. Future research 
work should focus on a better understanding of the flow regimes 
through these microscale orifice structures, especially as a ftmc- 
tion of different viscosity fluids, and on a redesign effort to de- 
velop a valve geometry which is less sensitive to the flow be- 
havior passing through the orifice. Additionally, this redesign 
should include an effort to increase the 1st modal frequency of 
the device, to potentially enable operation at or above a fre- 
quency of 10 kHz. With these redesign efforts, a higher fre- 
quency, higher flow rate microvalve could be achieved. 

K. CONCLUSION 

A compact piezoelectrically-driven hydraulic amplification 
microvalve was successfully fabricated and tested for the first 
time. This concept of hydraulically amplifying the Umited 
stroke of a miniature bulk piezoelectric material into a signifi- 
cantly larger motion of a valve cap structure enables the valve 
to simultaneously meet a set of high frequency (> 1 kHz), 
high pressure (> 300 kPa), and large stroke (20-30 /xm) 
requirements not previously satisfied by other hydraulic flow 
regulation microvalves. The active valve structural behavior 
and flow regiilation capabilities were evaluated over a range 
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of applied piezoelectric voltages, actuation frequencies, and 
differential pressures across the valve. For applied piezo- 
electric voltages up to 500 Vpp at 1 kHz, the valve devices 
demonstrated amplification ratios of drive element deflection 
to valve cap deflection of 40 x — 50x. These amplification 
ratios correlated within 5-10% of the model expectations. Flow 
regulation experiments proved that a maximum average flow 
rate through the device of 0.21 mL/s for a 1 kHz sinusoidal 
drive voltage of 500 Vpp, with valve opening of 17 ^lm, against 
a differential pressure of 260 kPa could be obtamed. Tests 
revealed that fluid-structural interactions between the valve 
cap and membrane components and flow instabiUties (due 
to transition between the laminar and turbulent flow regimes 
through the valve orifice) limited the valve performance 
capabilities. This work has proven this valve technology as a 
viable component within compact high performance hydrauhc 
micropumping systems. 
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Chapter 1 

Introduction 

Many definitions exist to describe what are commonly known as Micro-Electro Me- 

chanical Systems (MEMS). In general MEMS devices are those that fall within the 

range oflfim-l mm in size. These devices are typically made out of Silicon wafers 

and machined using Integrated Circuit (IC) manufacturing techniques. A distinc- 

tive feature of MEMS is that they operate outside the realm of IC circuits, finding 

applications in solid mechanics, fluids, optics, magnetics and others. The focus of 

this work is on integrated microfluidic systems, particularly on the fluid mechanics 

aspect of these systems. This thesis discusses the fluid mechanics modeling strategy 

undertaken as part of the development effort for the MIT Micro Hydraulic Trans- 

ducer project. The approach and results, however, are by no means limited to this 

particular system, they are relevant to fluidic microsystems in general. 

1.1     Overview of the Micro-Hydraulic Transducer 

The immediate application of this work is to the Micro-hydraulic Transducer (MHT) 

program, although the phenomena described applies to micropumps in general. The 

concept of the MHT, as shown schematically in Figure 1-1, integrates the large single- 

stroke force of an hydraulic system with the high-frequency small stroke available 

from a piezoelectric element. The combination is used to create high-performance 

transducers (Hagood et al, [6]). The device can operate as an actuator (transforming 

15 
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Figure 1-1: Conceptual Diagram of Bidirectional Microdevice 

electrical to mechanical energy, (Figure 1-1,a) or as an energy harvester (converting 

mechanical to electrical energy), Figure 1-1,b. The MHT architecture resembles that 

of a reciprocating internal combustion engine cylinder. The fluid at high pressure 

comes into the cylinder chamber through an inlet valve, compresses the piston and in 

turn the piezoelectric crystal. The cycle is completed when the piezo expands driving 

the piston up and forcing the fluid out through the outlet valve. In the current design, 

the piston is approximately 8 mm in diameter, and the valves are poppet type disc 

valves (0 500^m) with strokes of less than 40 /im operating at approximately 20 

kHz. In order to obtain this stroke at such high frequencies the valve is actuated by 

a piezoelectric element aided by an amplification chamber as detailed by Roberts et 

al [27]. 

1.2    Motivation 

The rapid increase in the development of complex microfluidic devices has revealed a 

need for more accurate modeling of fluid behavior in small-scale microfabricated ge- 

ometries. Microvalves tend to be one of the dominating elements in such systems, but 
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at the same time their detailed behavior remains poorly understood and systematic 

studies of microvalve fluid mechanics are lacking. 

In the case of the Micro Hydraulic Transducer program at MIT, the requirements 

on valve modeling take a different perspective. In this case the valve and head loss 

models are used as design tools. Typical orifice models will not capture geometry 

related sensitivities necessary for design and optimization. Furthermore, one of the 

goals of the MHT project is to harvest energy with this device, for this reason, and 

considering that the valve is the dominating head loss, it becomes critical to deter- 

mine accurately the corresponding head losses and sensitivities. Only then will it be 

possible to design a more efficient valve. 

1.3 Challenges 

The major fluid mechanics challenge is to model the steady and unsteady fluid behav- 

ior in these micron-scale geometries. The Reynolds number during one cycle varies 

between 1 and 20,000 with a Strouhal number of order 1. In this regime both iner- 

tial and viscous forces are important and unsteady effects cannot be ignored. The 

model needs to be accurate, yet implemented in a flexible manner suitable for design 

purposes and integration into full system simulations. Unfortunately, such models do 

not presently exist, and where partial models are available, they are typically neither 

calibrated nor validated for the small scales and unique geometries that are found in 

microfluidic systems. The purpose of this thesis is to provide such calibration and 

validation. 

1.4 Contributions 

An hydraulic model for the Micro-Hydraulic Transducer was constructed based on a 

low-order lumped element model. The valve flow characteristics were investigated ex- 

perimentally and parametric studies were carried out to obtain the flow dependencies 

and allow for a better estimation of the head losses. 
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Chapter 2 

Literature Background 

2.1    MEMS Scaling Issues 

The miniaturization of systems presents several interesting performance advantages. 

One of the major advantages that comes with miniaturization is that as a system 

is scaled down its mass (M) reduces like the third power of the length scale (/), (ie 

m oc P). This dramatic mass reduction increases the natural frequency (a;„) of a 

system as shown for a simple cantilever beam: 

''- = iM = iw^r'i ^^-'^ 
where k is the stiffness and m the mass of the beam. The stiffness {K) is given 

by Young's modulus {E), the area moment (7^) and the beam length (/). The mass 

(M) is given by the length (/), the cross-sectional area (Ac) and the material density 

{p). As it can be appreciated in equation 2.1 the natural frequency (un) scales like 

1//. This allows for a significant increase in operating frequencies for micromachined 

devices as described in detail by Burguess [3]. The previous argument has been 

one of the major driving forces towards the development of MEMS. However, not 

all phenomena scale as favorably as inertia, for instance viscous effects and other 

surface-driven phenomena become relatively more important as scale decreases. In 

our case we are particularly interested on Microfluidic MEMS and for this reason, we 
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will study in detail the fluidic behavior at these scales. 

Microfiuidic systems encompass many different applications from on-chip chemical 

systems to micro-mixers, micropumps and microtransducers to name a few. As scale 

decreases the surface-to-volume ratio increases making such, effects as viscosity, Van 

der Waals forces, electrostatic forces,etc. important and in some cases detrimental to 

system performance. An introductory discussion of such scaling effects can be seen 

in Ho and Tai's microfluidics review paper,[10]. 

In particular the focus of this work is on modeling the fluidic behavior in microfiu- 

idic transducers. One of the major questions is to understand how hydraulic systems 

and their components behave at the microscales and how macro-scale results scale 

down. 

In the first part of this chapter a brief literature review of existing modeling 

approaches for micro-hydraulic systems is presented. The second part of the chapter 

focuses on microvalves due to their importance in micro-hydraulic MEMS. The main 

purpose of this chapter is to set the stage for this thesis work by presenting what has 

been done by other researchers in the field. 

2.2    Microsystems Fluidic Modeling Strategies 

Several modeling approaches have been proposed for integrated microsystems. From 

the fluids point of view there are several options: Navier-Stokes simulations, Charac- 

teristic equations, impedance models (distributed models), and electrical analogy or 

lumped models. 

The direct simulation of the flow in these systems by solving the Navier-Stokes 

equations is not feasible due to the complicated geometries, moving boundaries, 

fluid/structure interactions, and the unsteady nature of the phenomena described 

making them at best impractical. 

A second approach is to use the characteristic equations method. This approach 

transforms the flow's partial differential equations, into ordinary differential equations 

significantly simplifying the problem. These equations can then be integrated forward 
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in time to obtain a solution. This method will give a solution that usually would only 

be surpassed in accuracy by a direct simulation of the Navier-Stokes equations[35]. 

However, localized head losses like elbows, valves.etc. still need to be characterized 

separately and fed to the model. The quality of the model will thus depend on how 

well these localized losses are modeled. Two important disadvantages of this approach 

is that integration to structural and electrical models is not straightforward and that 

a full-system simulation becomes computationally expensive. 

A third option is comprised by distributed parameter models or impedance-based 

models. This approach is part of the so-called electrical analogy methods used tradi- 

tionally in acoustics. This approach assumes that the pressure is analogous to electri- 

cal voltage and that the flow rate is analogous to electrical current. The impedance is 

defined as the ratio of the dependent variables pressure (P) and flow rate (Q) respec- 

tively for each section. In such manner the system may be solved as an eigenvalue 

problem. 

In those cases in which pipe lengths are short the distributed parameter model 

can be simplified even further to a "lumped" element model. Previous experiences 

by 01sson[23], Bourouina[2], and Gravesen[5] have proven that the lumped element 

model is useful for the analysis of microfluidic systems. The advantage of lumped 

models is that they are easily integrated to full system simulations which may also 

include structural and electrical components. The intrinsic modularity of this type of 

model makes it easy to modify and build up on. The lumped model has the added 

advantage that due to its similarity with circuit system-analysis existing software, 

such as SPICE and SIMULINK, can be used to obtain solutions. 

In this case as in previous approaches the behavior of localized components needs 

to be characterized separately. Thus the results of a given simulation will be a function 

of how accurately the system is modeled and how well the subcomponent's behavior 

is known. 

Microvalves are in most cases the most difficult subcomponents to characterize 

in microhydraulic systems. Incidentally microvalves are also the main dissipative 

elements of these hydraulic systems.   A literature review of existing microvalves is 
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presented next to set the context for this thesis experimental work. 

2.3    Micro Scale Valves 

Microvalves may be classified as active (with an actuator) or passive (without actu- 

ator). Many different examples of both types of microvalves exist in the literature. 

A review by Shoji and Esashi [31], and Gravesen [5] indicates that mpst microvalves 

have been designed for gas control, while not many have been demonstrated for liquid 

applications due to their low conductance. 

The low conductance of microvalves is directly related to microfabrication con- 

straints, which limits available geometries to low aspect ratio, prismatic elements 

due to the line-of-sight nature of microfabrication techniques. This greatly limits 

the available geometries of fluidic devices. For instance valves cannot have three- 

dimensional structures such as 45° poppets, rounded edges and fillets (although some 

limited fillet capabilities have been demonstrated in highly stressed MEMS structures; 

Ayon, et al.[l]). The high temperatures required for wafer bonding preclude the use 

of polymers and soft materials for the valve seats. Available actuation options are 

Umited in stroke and control authority further constraining valve response time and 

performance. The above-mentioned constraints have made typical microvalve designs 

quite different from macro scale valves and yielded highly suboptimal microvalves. 

In most cases valves are fabricated and then characterized experimentally, primar- 

ily because detailed analysis of the flow characteristics and sensitivities to different 

relevant parameters is lacking. One of the main reasons for this is that instrumenting 

a microvalve to measure both flow rate and pressure as functions of the valve position 

is very difficult. 

2.3.1    Passive Microvalves 

Passive valves may be subdivided into moving parts valves and No Moving Parts 

(NMP) valves . The first group mainly has valves which open and close in response 

to a net force acting on them.   These microvalves usually have a micromachined 
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Figure 2-1: Typical Architectures of Passive Microvalves [37] 

Silicon membrane that is free to deflect in one direction. The resulting behavior is 

equivalent to that of a macro-scale check valve. The moving membranes have been 

fabricated in many different sizes and thicknesses, with annular shapes, cantilever 

type flaps and tethered structures. This class of micro-valves, however, have some 

generic characteristics: one way flow, limited stroke, and in many cases they are 

susceptible to clogging. 

A survey of existing micro-check-valves by Shoji [31] shows that typical passive 

check valves range in size from 800 (j,m to about 7 mm, and only one valve in the 

100 pLm range has been reported. All of these valves were Silicon micromachined 

valves and were either cantilever or circular membrane type check valves as shown 

in Figure 2-1. The Reverse flow rates (leak flow) of these valves were in the order 

of 1 /il/min for water. The forward flow rate was generally two to three orders of 

magnitude higher than the reverse (leak) flow rate. It should be observed, though, 

that these comparisons suffer from the fact that the reported results for each valve 

were based on different applied pressures but they do convey the general capabilities 

of such systems. 

One of the contributing factors to the low conductance of microvalves is the limited 

stroke. In the case of passive valves, the stroke depends on the surrounding fluid 

pressure, membrane thickness and valve size. In some cases the valve deflection is 

larger than the membrane thickness resulting in nonlinear behavior and therefore 
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Figure 2-2: NMP Passive Microvalves, Olsson [22] and Forster[4] 

smaller displacements per applied pressure. 

Prom the fluid mechanics point of view the flow characterization of this valves is 

difficult since the valve position and capacitance are pressure dependent. 

The second major type of passive valves are No-Moving-Parts (NMP) valves. 

These valves are carefully contoured so that flow is preferential in one direction. 

The aim, as in the case of the micro-check-valves is to obtain a high conductance 

in one direction and a comparatively low conductance in the reverse flow condition. 

Several examples of these valves exist, the geometries are different but the operating 

principle is the same as seen in Figure 2-2. In-depth studies have been carried out by 

Stemme and Olsson [22] with a difl[user/nozzle design and Forster et al[4] with Tesla 

type valves. These valves are characterized by high reverse flow rates (compared to 

moving part check valves), however these designs are compensated by their ease to 

manufacture, robustness,and their abiUty to transport particle laden fluids. 

A figure of merit used to estimate the quality of a given design is the diodicity. 

The diocity (Di) is defined as 

Di 
AP_ 
AP. 

(2.2) 

where the AP+ is the pressure drop in the forward (or positive direction) and 

AP_ is the pressure drop in the reverse (leak) direction. NMP valves or fluidic diodes 
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usually have a diodicity of about 1.1- 1.3. Considering that for laminar flow the flow 

rate (Q) is a linear function of the pressure drop, we can estimate that micro check 

valves with moving parts would have a diodicity roughly two orders of magnitude 

higher than NMP valves. It has been suggested, though, that probably a better 

figure of merit would be reverse pressure differential per flow rate which for very low 

flow rates should be a constant. 

2.3.2    Active microvalves 

The microvalve actuator plays a fundamental role in determining the efficiency and 

overall design of a valve. Many designs and actuation principles have been proposed 

the most common options are electrical, thermal, magnetic, and piezoelectric. 

Ideally an actuator system should be easy to miniaturize, efficient, have a large 

stroke and fast response time. Currently, no actuation system fulfills the previously 

mentioned characteristics of the "ideal actuator". Considering this certain types of 

actuators are better suited to some applications than others. The strengths and 

weaknesses of the most common actuation systems are outlined next. 

Thermal based systems can be categorized into thermopneumatic, bimetallic, and 

Shape-Memory-Alloys (SMA) actuators. Thermopneumatic based actuators for mi- 

crovalves have been investigated by Zdeblick, Henning and coworkers [8],[7] resulting 

in a commercially available microvalve (Redwood microsystems) . The thermopneu- 

matic normally-open valve as shown in Figure 2-3 has a cavity which is filled with 

Fluorinert. The orifice size as reported varies from 25 to 500 fxm, with membrane 

diameter of roughly 6 mm. The Fluorinert is heated with a Platinum resistor deflect- 

ing the cavity membrane and closing the valve. The response time is in the order of 

0.1-1 sec, with maximum reported strokes of 50 fim. It is suggested that a change of 

heat transfer mode from conduction, to phase change may reduce the response time 

down to tenths of milliseconds. Cycling the valve, however, poses a greater challenge, 

for the system would have to be heated and cooled rapidly. The advantage of this 

type of actuation is that it has the widest temperature range from -20°C to 7G°C. 

Applications for the control of refrigerant liquids have been suggested. 
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Figure 2-3: Thermopneumatic Active Microvalve [7] 

The second thermal actuation system found in the literature are bimetallic sys- 

tems. The bimetallic actuator usually consists of a circular Silicon membrane con- 

nected to a thin annular metallic ring. The system is heated and the effect is such 

that due to the dissimilar thermal expansion coefficients the membrane deflects. The- 

oretical estimates by Jerman[13] suggest that for a 2.5 mm diameter, 8 /im thick Si 

membrane with 5 /im of deposited Aluminum and b/a ratio of 0.5 displacements in 

the order of 25-30 pun with symmetrical vertical travel are achievable. This actuation 

mechanism, however, is limited in its response time due to the heating and cooling 

of the bimetallic materials. The response time oscillates between 1 msec and 1 sec 

depending on the details of the configuration. For the previously described configura- 

tion Jerman has shown experimentally response times of 100 to 300 msec. Bimetallic 

actuated valves have been proposed for systems in which proportional valve control 

is required. They have approximately the same operating range of thermopneumatic 

valves but without the further complication of sealing liquid in a cavity. 

Shape-memory-alloy based systems have the ability to produce large strokes, how- 

ever due to their non-linear response to temperature are difficult to control and re- 

sponse times are in the order of 10 seconds. This valves may have large stroke but 

are difficult to control and therefore have only been used as on-off valves. 

Electrostatically actuated valves typically rely on two Silicon wafers to act as 

electrodes. The Silicon plates are insulated by grown oxide and separated by an- 

other layer usually of pyrex in a "sandwich" fashion as seen on Figure 2-4.   The 
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Figure 2-4: Electrostatically Actuated Microvalve [30] 

moving part of the valve is a metallic flapper which is attracted either to the lower 

or upper electrode depending on the field direction. The fundamental limitation of 

these systems is that the actuation force is inversely proportional to the square of . 

the distance between the flapper and the electrode. These limits the field of usage 

of this valves to low pressures and relatively short strokes. Experimental results by 

Shikida[30] showed a maximum block force of ~ 20 mN. The major advantage of this 

architecture is that fast response times of the order of 0.1 msec can be attained. This 

actuation system can provide actuation for large strokes but low forces. It has been 

succesfully employed for the control of rarefied gas systems such as Molecular Beam 

Epitaxy (MBE). 

Electromagnetic actuation has been explored by Hirano, Yanagisawa and coworkers[9]. 

The major problem of this actuation system is the requirement for a miniaturized coil 

as seen in Figure 2-5. 

Piezolectrically based actuators represent one of the fastest options for opening 

and closing a microvalve. Piezoelectric actuators however, have very small strokes 

and this has significantly limited their use for microvalves. Active microvalves with 

piezoelectric actuators have been proposed by Shoji and Esashi [31] and Roberts et 
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a/,[27]. Shoji and Esashi have shown experimentally response times of the order of 1 

msec with gas flows of 40 ml/min. The design proposed by Roberts, Figure 2-6, uses 

an amplification chamber to obtain more stroke out of a piezoelectric while retaining 

the force and rapid reaction available with a piezoelectric. 

Lessons Learned from Existing Microvalves 

One can observe from reviewing the existing literature on microvalves and integrated 

microsystems that virtually all the proposed valve flow models make the following 

assumptions: 

The valve is the dominating flow loss in the system. This means that in most 

cases the only flow resistance or head loss needed to describe a system is the valve. 

The unsteady state head losses are modeled with steady state head loss models. 

This.approximation is made because in many cases the frequency dependent resistance 

term is difiicult to model and experimental results are lacking. 

Microvalves are approximated as variable area orifices. This approximation is 

based on the assumption that inertial losses (AP oc Q^) are the dominating loss 

mechanisms in the valves. It should be pointed out that although such approximations 

do capture the physical flow behavior they will be only order of magnitude models. 

Valve stroke, as seen in the literature is one of the key elements required of an 

actuation system in order to obtain high conductance. 
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Figure 2-6: MHT Amplification Chamber,[27] 

The closing force, leakage, and response times are important but their require- 

ments are heavily dependent on the application at hand. 

. Microvalves for gas flow applications are characterized by low Reynolds numbers 

of order 100-1000, but the flows may approach Mach 1. For this reason choked flow in 

the valve orifice is observed in many cases. The most common flow model is a quasi 

1-d gas flow model for subsonic flow and in certain cases for choked flow. 

In the case of liquids such as water and Silicon oils, the situation is not much 

different. Flow models reduce the valve behavior again to a variable area orifice. In 

most cases these models are used to analyze obtained experimental results. Corrected 

discharge coefficients are computed and curves fitted to the data. 

The systematic study of the valve behavior and sensitivities of the different flow 

parameters is usually not performed. 

2.4    Macro-scale Valves 

Macro-scale poppet and disc valves have many applications most notably in internal 

combustion engines, pressure control and relief valves, compressor valves and even for 

homogenizing milk. 
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In contrast to microvalves, much research has been conducted on "normal"-sized 

valves. However, the complex geometries make the flow in valves very compUcated 

and valve-dependent. Thus comparison between different experimental measurements 

and numerical simulations is difficult, even impractical. In the past, researchers have 

investigated such flows using a variety of analytical techniques such as potential flow 

analysis (Von Mises, [17]), his work predicted the flow contraction but ignored the 

reattachment and pressure recovery phenomena. Other experimental results have 

shown that the flow behavior is highly dependent on the details of the valve geometry 

and the separated jet. The eff'ects of these two parameters are very difficult to model 

mathematically. 

Numerical techniques have been employed to analyze the flow behavior of poppet 

and disc valves, but as Vaughan [33], points out typical turbulence models (such as 

the K - e model) have been shown to give inaccurate results. Vaughn and coworkers 

concluded that numerical simulations can show qualitative trends but the results may 

be quantitatively inaccurate. They further point out that the popular K- e model 

is inadequate for solving this flows and suggest that a Reynolds-stress based model 

should give a better approximation to the real flow. It follows from their conclu- 

sions that numerical simulations need to be validated against experiments whenever 

possible. 

In summary all these techniques suffer from the fact that flow separation, cavita- 

tion, transition, reattachment and relaminarization are difficult to model mathemat- 

ically and expensive numerically. 

The preferred approach to this type of problem is experimental. Previous work 

on macro-scale valves traces back to the work of Schrenk (1925), Stone, [32] and 

Johnston[14]. Schrenk reported discharge coefficients on poppet and disc valves. 

Stone concentrated on sharp edged poppet valves and low turbulence flows. His 

results however show considerable scatter and as he suggests more research is needed. 

Johnston and coworkers concentrated on measuring the discharge coefficients and 

force acting on poppet and disc type valves. Their work concentrated on the fully 

turbulent regime (i.e. R,e> 2500). Johnston makes no reference to transition effects 
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or low turbulence behavior. 

One important conclusion that can be obtained from these efforts is that, for 

small openings, poppet valves behave like long orifices, a suggestion that supports 

the thought that the effects of flow separation and subsequent reattachment dominate 

the valve dynamics. 

A second important conclusion is that although qualitatively the flow behavior 

may be analogous to that of a long orifice the actual value of the discharge coeffi- 

cients is a strong function of the valve geometry and the upstream and downstream 

conditions. For this reason, it is important to investigate experimentally the fluidic 

behavior for the particular geometry under study. 

2.5    Summary 

In this chapter a literature review of the most common micro-hydraulic system model- 

ing strategies was undertaken. The main advantages and disadvantages of the differ- 

ent approaches were shown. It was concluded that most of these strategies required 

separate submodels for their subcomponents (i.e. valves, elbows, etc.). Consider- 

ing that microvalves are in most cases the dominant dissipative element a separate 

literature review was undertaken. 

The microvalve review showed, as pointed before, that there is very little infor- 

mation regarding the flow characteristics of reported microvalves. Most flow models 

identified the valve as an orifice correlating adequately with the results. These models 

gave, however, little insight to the flow sensitivity to valve geometry and Reynolds 

number. The third part of the chapter concentrated on macro-scale valves that may 

be similar to those found in microsystems. The complication, as it was pointed out, 

is that there is a lack of information for disc valves operating at low turbulence and 

transition regimes.As a conclusion, two decisions were made: to construct an order of 

magnitude model for the valve based on available orifice information and to explore 

experimentally, via a macro-scale valve, the valve flow characteristics at low turbulent 

Reynolds numbers. 
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Chapter 3 

Modeling of Hydraulic 

Microsystems 

Based on the literature review, for initial designs and system analysis, the hydraulic 

system of the MHT has been modeled using lumped elements. As mentioned in the lit- 

erature review the lumped model is limited to short channels. Wylie and Streeter[35] 

have proposed a conservative rule-of-thumb criterion in which they suggest that the 

maximum channel length (/) should be less than 4% of the acoustic wavelength (A) 

as shown by : 

l=<OMX=('f]f-. (3.1) 

Equation 3.1 assumes that the flow channel has rigid walls, and therefore the 

acoustic wavelength (A) is only a function of the frequency of the pressure oscillations 

(/), the fluid bulk modulus (k) and the fluid density (p). 

The lumped model breaks up the hydraulic system into subcomponents or ele- 

ments. The subcomponent's behavior is described by three 'properties': inductivity, 

resistivity and capacity. The inductivity represents the fluid mass or inertia. The 

resistivity is related to the dissipative characteristics of the element. Finally the ca- 

pacity describes the fluid storage capability of a given component. Different elements 

will have diflerent combinations of these properties and in some cases the effect of 
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Figure 3-2: Schematic of the MHT hydraulic system 

some will be negligible compared to others. The end effect is a system of equations 

that resembles those used for electrical circuit analysis. 

3.1    The MHT Hydraulic Model 

The MHT's hydraulic system to be modeled is shown in figure 3-1. A schematic 

representation of the flow path can be seen in Figure 3-2. The flow paths are rather 

tortous being characterized by sudden expansions, contractions, 90° turns, short tubes 

and valves. The hydraulic system is divided into three main sections: the inlet valve 

section, Energy Havesting Chamber (EHC) section, and Outlet valve section as shown 

schematically in Figure 3-2 and 3-3. 

As mentioned before the lumped element model classifies the fluidic components 

into equivalent capacitances, resistances and inductances. The lumped element rep- 

resentation of the inlet and outlet valve sections is presented in Figure 3-5. The inlet 
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and outlet valve sections are presented schematically in Figure 3-4 and in lumped 

element representation in Figure 3-5 showing that the dominating effects are of in- 

ductive [li] and resistive nature {Ri{Q)). The channel capacitance is neglected on 

the grounds that the channels have rigids walls and the fact that the fluid is nearly 

incompressible. 

The lumped model equation for the inlet valve is given by : 

Phpr - Pch = {h + l2)Q + (RiiQ) + RviiQ) + R2mQ + ^Pw       (3-2) 

where as seen in Figure 3-5 there are two inductance elements Ji and I2, and three 

major groups of resistive elements shown as Ri. It should be pointed out that these 

resistive terms are in general non-linear which may make the numerical solution more 

difficult. In the case of the outlet valve the flow equation is similar : 
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Pch - Pipr = ih + h)Q + (RiiQ) + R.i{Q) + R2{Q))Q + AP, vp (3.3) 

The nniajor difference found in this model relative to other models available in the 

literature comes from the term AP^p which describes the work done by the valve cap 

on the fluid and viceversa. This term is of the form: 

_W_ld{SF.dx) 
"'" Q ~Q       It (3.4) 

where the change in pressure AP„p is equal to the rate of work {W), done on the 

system by the valve cap, over the instantaneous flow rate (Q). 

3.1.1    Valve Cap Force Calculation 

The fluid force acting on the valve cap is calculated using the unsteady integral 

momentum equation given by 

d 
F = —l{pv)dV + f [pv ■ dS) V (3.5) 
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Figure 3-6: control volume for valve cap force calculation 

where F is the resultant force acting on the control volume, p is the fluid density, 

and V is the fluid velocity vector. A schematic of the valve and the control volume 

used to calculate the force is shown in Figure 3-6. The valve force calculation, as 

seen in Figure 3-6, only requires the use of the a;-direction momentum equation. 

The calculation assumes that the control volume moves with the valve cap, that 

friction forces are negligible, and that the fluid is incompressible. Following Ikebe's[12] 

method we obtain the 2;-direction momentum equation : 

v'j, = p i — * XUcdS + j> UUrdS (3.6) 

where Er is the x-direction force acting on the fluid, p is the fluid density, Uc is the 

normal exterior fluid velocity in the x-direction, and Ur is the normal exterior relative 

velocity to the control surface. Applying equation 3.6 to all the control surfaces in 

Figure 3-6 we obtain: 

Xo 

{xi + x,)x\ + {Xs)^a3 + {xi - —)Q + —Q + 
'tan^ 

,    0-2 0.1 
Q' (3.7) 
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where F^ is the ar-direction force, p is the fluid density, x^ is the valve displace- 

ment, xi is the height of the control volume, Q is the instantaneous flow rate, 6 is the 

fluid jet angle, and Oj are the control surfaces. The surface areas are given by 

ai   =   -do 

as   =   jdt 

where do is the inlet diameter, dy is the valve diameter, and x^ is the valve dis- 

placement. 

A simplification of the equation can be obtained if we assume that xi » x^ in 

that case we obtain: 

^ = (xi)x, + {xsra, + {x,)Q +^Q+ f ^^ - 1) Q\ (3.8) 
P ^ \  0.2        aij 

This result allows us to calculate the unsteady force on the valve cap (Fi) as a 

function of the flow rate (Q)and valve displacement (x,).   Experimental results by 

Nakada and Ikebe[21] have shown that for spool valves this modeling approach gives 

reasonably accurate results. 

3.1.2    Capacitance modeling 

The Piston chamber or EHC is the dominant capacitance of the system. The com- 

pliance of the piston chamber results from the compression of the fluid (A V)), the 

structural compliances (A FJ and the oscillatory movement of the piston. The change 

in pressure (P) due to capacitive effects is defined as : 

P=^ {Qin - Qout - Vp) (3.9) 

where C is equivalent capacitance, Qin is the flow rate into the control volume, 
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Qoy,t is the flow rate leaving the control volume and % is the change of volume due to 

the piston movement. In general the equivalent capacitance for the piston chamber 

is of the form : 

dP     dP 
(3.10) 

where the first term refers to the change in volume by the structure for a given 

pressure. This relation is obtained from structural calculations and FEA analyses 

(outside the scope of this thesis). The second term describes fluid compressibility 

which can be estimated using the isothermal bulk modulus. The underlying assump- 

tion here is that the temperature is nearly constant, making the thermal expansion 

coefficient eff'ect negUgible. 

The fluidic capacitance (C/) is related to the isothermal bulk modulus {k) by the 

following equation: 

k 
(3.11) 

where Vn is the initial volume. 
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3.1.3    Inductance in fluid channels 

The compliance in the fluid channels is usually much smaller than that of the piston 

chamber due to the fact that the channels are surrounded by rigid walls and that 

their fluid volume is smaller than that of the chamber. 

The inductance element is the fluid mass contained in the channels of the system 

and it has been modeled by assuming inviscid flow (i.e. Ri = R2 = 0). For an 

unsteady constant area channel flow the energy equation can be written as 

^-W = JII^(^e+^u''^pdV + Jj^(h + ^u''^p{u-n)dS   ' (3.12) 

where $ is the heat transfer into the system, W is the work done by the system, 

e is the internal energy, u is the flow velocity, p is the fluid density and h is the fluid 

enthalpy. For an adiabatic, inviscid flow in a constant area channel the expression 

reduces to : 

further assuming a uniform velocity profile we obtain the following result: 

AP = IQ= (^) Q (3.14) 

where / is defined as the inductance which is a function of the fluid density (p), 

the channel length (/) and the channel cross-sectional area (A). 

The approximation is now compared to cases where we have fully developed vis- 

cous velocity profiles. In those cases where the flow is laminar it has been shown 

by Morris et al[19] that the formula underestimates the correct value by about 30%. 

This can be easily explained if we consider that in deriving the inviscid Inductance 

(/), the underlying assumption is that of a uniform velocity profile. For laminar flow 

this approximation is inaccurate since the velocity profile is parabolic. Using the 

parabolic velocity profile to compute the change of the kinetic energy in the system 

we obtain the correct inductance value which is | times higher than the inviscid case 
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as shown by Olsson [23]. For turbulent flows, assuming a velocity profile (M): 

u~«o(l-|)" (3.15) 

where UQ is the maximum axial velocity, r is the radial location, D is the pipe 

diameter and n is the scaling power. The scaling power n is set to f Compared to 

the constant velocity profile the correction factor is only 1.02. 

3.1.4    Resistive Elements 

For the resistive elements the microvalves have been identified as the major fluidic 

resistance of most existing micropumps. Gravesen [5] notes that the valves are usually 

the dominant loss element due to the fact that the entire flow has to pass through 

the small valve openings. For a first approximation to the valve head loss they were 

modeled as a simple orifices. 

The flow resistance of each element (Ri= elbows, contractions, channels,etc.) is 

modeled using published experimental loss coefiicients (Idelchik [11]), which were 

corrected according to the local Reynolds number (Re). 

The quadratic loss coeflacient (C) is defined by : 

where AP is the total pressure drop, p is the fluid density and u is the local bulk 

flow velocity. Published values of the loss coeflacient (C) for different components 

such as elbows, expansions and contractions are reported usually for fully turbulent 

regimes. In this regime pressure losses are inertially dominated and qualitatively 

behave like (AP oc v?). This clearly shows that the reported loss coefficients will tend 

to be weak functions (or independent) of the Reynolds.number. This approximation, 

however, only holds for Reynolds numbers of order Re> 10,000. Microfluidic systems, 

like the MHT, usually operate at lower Reynolds numbers. For this reason correction 

factors or experimental results are employed to obtain better estimates of the loss 

coefficients for low turbulence flows. 
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Idelchik modifies the quadratic loss coefficient {Cquad) with two empirical correction 

factors (C0 and e) based on the local Reynolds number (Re), and with this, a modified 

loss coefficient (C) can be defined: 

C = C<t>{Re) + e{Re)Cguad. (3.17) 

In this manner the flow resistances of the different components were estimated. 

In order to establish a uniform system model, the different resistive components 

were referenced to a characteristic system length with which a system-wide Reynolds 

number(i?ea3^5) is defined. The characteristic length chosen was the valve inlet diam- 

eter {dsys). 

Order of Magnitude Valve Model for the MHT 

For initial estimates an order-of-magnitude valve model was constructed. This model 

also gave a starting point for designing the valve experiments. As mentioned above, 

previous work (Schrenk [29]; Stone [32]; Johnston [14]) has suggested that the valve 

can be modeled as an orifice. The initial order-of-magnitude model was constructed 

based on an orifice analogy. The disk valve to be modeled can be seen in Figure 3-8. 

The valve is characterized by three areas : Ai the upstream flow area, AQ the throat 

flow area and A2 the downstream area. 

Most of the information gathered on orifices is based on experiments carried out 

in pipes of 2in diameter and higher[25]. It has been noted that orifices in pipes of 

smaller diameter have higher discharge coefficients due to second-order effects, such 

as surface tension (Ramamurthi [24]). 

Thus, the orifice model should be able to capture the flow physics, but should be 

considered only eis an approximation to the correct values. 

To certain extent the orifice itself may be thought of as a contraction of the flow 

and a subsequent expansion. An integral analysis gives a relationship for the combined 

effect of the flow expansion and contraction. The quadratic local loss coefficient (Ci/uod) 

is defined as the total pressure drop (AP) over the dynamic pressure based on the 
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Figure 3-8: Valve schematic for the order-of-magnitude model 

orifice local mean velocity (u): 

^quad —   1 _,-.2 K-i)^-(-ty (3.18) 

The loss coefficient, Quad, is a function of both the ratio of the orifice throat area 

to the upstream area {Ao/Ai) and the ratio of the orifice throat area to downstream 

area (A0/A2). 

For the initial model, experimental correlations published by Idelchik [11] were 

used to compute the loss coefficient for a variety of geometries. The order of magni- 

tude valve model is shown in Figure 3-9 where the x-axis represents the Reynolds 

number and the y-axis represents the loss coefficient (C) values for different valve 

openings {K). The model shows that in the turbulent regime the loss coefficient is 

a weak function of the Reynolds number (as expected). As the Reynolds number 

decreases, transition to the laminar regime starts and eventually for sufficiently low 

Reynolds numbers the flow becomes laminar. Figure 3-9 also shows the significant 

dependence of the loss coefficient (C) to the valve opening (hy) 
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This order of magnitude model aims to capture the flow physics of the valve and 

establish within an order of magnitude the head losses. The model takes into account 

such effects as valve opening (hy, valve cap diameter (dy) and downstream chamber 

height (hp). This model, however will not be able to capture the effect of the seat 

width (s). 

Comparison of Resistive Elements 

The comparison of loss coefficients {() versus a system wide Reynolds number. The 

system-wide-Reynolds-number {Res) is based on one representative reference length 

for the whole system. In the MHT case the selected reference length is the valve 

inlet diameter ((^Q). The local Reynolds numbers are converted to the system-wide- 

Reynolds-number by using: 

Re, = —Re 
do 

(3.19) 
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where 4 is the local hydrauhc diameter, d^ is the reference length for the system, 

and Re is the local Reynolds number. 

is shown in Figure 3-10. It should be pointed out that because flow correlations at 

these low Reynolds numbers are not always reliable they need to be validated through 

experiment and computations. 

Initial results shown in figure 3-10 indicate (confirming previous assumptions) that 

the valves are the dominant loss element in the hydraulic system. For this reason the 

valve design and analysis required special attention. 

3.2    SIMULINK Model Implementation 

SIMULINK is a graphical interface (based on the MATLAB architecture) for mod- 

eling, simulating and analysing dynamical systems. SIMULINK allows the user to 

break-up a system into smaller interchangeable modules giving flexibility without 

sacrificing performance. 

The implementation of the hydraulic lumped model into SIMULINK is divided 

into two major areas: the implementation of the previously described fluidic resis- 
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tances and the coding of the flow rate equations. 

Each fluidic resistance was coded into a generic fluidic resistance module. Con- 

sidering that the pressure losses due to fluidic resistances undergo significant qual- 

itative changes for difi'erent flow rates the values for each element were coded as 

two-dimensional look-up tables. The advantage of doing this is that SIMULINK only 

has to interpolate the correct head loss value from given local flow conditions from 

the look-up table. This operation is computationally inexpensive and more accurate 

than using correlation formulas. The look-up tables have as input the local Reynolds 

number which is computed from the instantaneous flow rate and the dimensions of 

the element (i.e. diameter, length, etc.) The result is given as a loss coefficient (C) 

which is then converted to a pressure loss by substituting the loss coefficient into 

equation 3.16. A typical fluidic resistance block is shown in Figure 3-11. 

The flow rate equations 3.2 and 3.3 were coded in the following manner to 

accomodate for SIMULINK's architecture: 

Q -l( Phpr- Pch - ^PviQ) - APi(Q) - AP2(Q)' 
(3.20) 

In equation 3.20 Q is the flow rate, P^pj. is the upstream pressure (Pressure in the 

high pressure reservoir), Pch is the downstream pressure (pressure in the chamber), 
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APy(Q) is the head lost at the valve and / is the fluid inductance defined by equa- 

tion 3.14. It should be noted that the head loss across the valve is also a function of 

the flow rate {Q) and that the equation is solved iteratively by SIMULINK. Equation 

3.20 is shown in its SIMULINK representation in figure 3-12. 

Plots of sample simulations are shown in Figure 3-13. The high frequency ripples 

of the chamber pressure signal are due to piston dynamics included in the model. 

3.3    Summary 

This chapter described the lumped parameter model chosen for initial designs and 

calculations. A detailed explanation of the lumped model structure for the Micro- 

Hydraulic Transducer was formulated. The dominating components were identified 

and order of magnitude comparisons between components were made. The microvalve 

was identified as the dominating resistance suggesting the need of a more accurate 

model to optimize the valve. The SIMULINK version of the model was presented and 

sample time histories have been included. 
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Chapter 4 

Experimental Setup 

The research strategy previously discussed called primarily for an experimental ap- 

proach to study the microvalve behavior. As mentioned before, even partial instru- 

mentation of a microvalve is not trivial, for this reason a scaled up version, a macro- 

scale valve experiment was considered. 

In this chapter, the geometrical and dynamic similarity concepts employed to re- 

late the macro to micro-scale scale results are discussed.The relevant non-dimensional 

numbers are defined and the scaling effects are explored. The second section of the 

chapter will cover the experimental macro-scale facility. Fabrication, instrumentation, 

and setup capability issues are addressed. Finally, the experimental methodology and 

data validation tests are presented. 

4.1    Experiment Design 

The flow conditions between a model and a prototype are similar if geometric, kine- 

matic and dynamic similarity is achieved. Once similarity is achieved the results 

obtained with the model can be related to the prototype via previously defined scal- 

ing laws. 

Geometrical similarity is attained by replicating the geometry of the full scale 

(microvalve) at the macro-scale. Kinematic similarity is obtained if the model and 

prototype have homologous length-scale ratio and time-scale ratio.  A result of the 
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temporal and spatial ratio equivalence will be a similar velocity ratio and therefore 

a kinematic similarity. Dynamic similarity refers to a model/prototype system with 

equivalent force-scale ratio throughout.   Dynamic and kinematic similarity are at- 

tained by matching the Reynolds and Strouhal numbers [34}. 

The Reynolds number 

Jile = - (4.1) 
V 

represents the ratio of inertial to viscous forces and is a function of the length 

scale (/), the local mean flow velocity (u), and kinematic viscosity [v). Expressing 

the Reynolds number as a function of a flow rate (Q), we obtain 

Re = ^. (4.2) 

For a fixed flow rate (Q), the Reynolds number scales linearly with the length 

scale (/). 

The Strouhal number is used to describe the unsteadiness of a flow, and it is 

defined as: 

S = ^ (4.3) 
u 

where / is the oscillatory frequency of the flow, / is the characteristic length scale, 

and u is the local flow velocity. For a fixed Reynolds and Strouhal number, the driving 

frequency (/) scales as the reciprocal of the length scale squared (/ oc /~^). 

The pressure drop in a scaled-up model of the micro-valve is also a function of 

the length scale. In this case, assuming that the head loss across a microvalve is 

characterized by a loss coefficient as defined by equation 3.16. Replacing the flow 

velocity (u), by the Reynolds number, and solving for the pressure drop we obtain: 

which shows that the pressure drop (AP) is inversely proportional to the square 
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of the length scale (0- 

4.1.1    Scale Effects 

One disadvantage of scaling up a system is that some parameters are difficult, or 

impossible to scale properly. In the present case, the most obvious parameter that 

was not matched was that of the surface finish, but this is thought to be less important. 

However, one attribute of microfabrication that is important to match is the sharp 

corners that define MEMS-fabricated edges. Care was taken to ensure that this 

feature was preserved in the macro-rig. 

Another disadvantage of scaling up a system is that some effects that may be 

considered negligible in the full scale (micro-scale) system do have an important 

effect as the system is scaled up. An important scale effect observed in the macro- 

scale facility was that of gravity. The Proude number is defined as 

Fr = i^i:^ (4.5) 

where the Re is the Reynolds number, u is the kinematic viscosity, I is the length 

scale and g is the gravitational constant. For a fixed Reynolds number Froude is 

inversely proportional to the third power of the length scale. In the micro-scale Fr « 

30000 which tells that gravity effects are negligible. For the macro-scale experiment 

the Proude number becomes about 30 which shows that gravity effects are important. 

Once the scaling relations were known, it was important to relate these parameters 

to practical experimental considerations. In choosing a convenient scale factor several 

issues needed to be addressed : 

• Machining limitations 

• Instrumentation 

• Actuation frequency 

• Flow rates 

• Expected pressures 
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A scaled up version of the microvalve should be machined using traditional meth- 

ods such as milling and turning. The use of standard machine shop technology sig- 

nificantly reduced lead times and allowed for quick modifications of parts. 

A properly scaled macrovalve would permit the use of off-the-shelf instrumenta- 

tion such as pressure sensors, flowmeters and temperature sensors. A fundamental 

advantage of the scaled-up system is that there is enough space for instrumenting the 

valve test section and monitoring the flow rates, pressures, valve position and tem- 

perature of the fluid at the same time. The ability to measure all these parameters 

gives a clearer picture of the flow behavior. 

The actuation frequency (/) of the valve is an important factor for the sizing of the 

macro-scale experiment. It should be pointed out that although this parameter has 

no effect on steady-state measurements, the same setup will be employed for future 

unsteady macro-scale experiments and therefore should be considered as a design 

requirement. The intent is to lower the operational frequency so that a conventional 

actuator may be employed to drive the valve. 

Considering all the above listed requirements and issues, a scaling factor of ten 

was chosen for the macro-scale experiment, resulting in a valve of approximately 1 

cm in diameter. The stroke of the valve is 400 /zm. The size of the setup allowed for 

complete instrumentation. The driving frequency for an actuated valve would be in 

the range of 100 Hz. The maximum flow rate needed was in the order of 3 liters-per- 

minute. The expected pressures were in the range of 1000 to 20,000 Pa. These were 

the functional requirements that drove the experimental setup design. 
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Figure 4-1: Schematic of the macro-scale test facility layout. 

4.2    Macro-scale setup 

4.2.1    Fluid Delivery Section 

A schematic of the experimental setup is shown in Figure 4-1. The fluid used for the 

experiments is deionized water which flows from the reservoir to a 1/15 HP centrifugal 

pump passing through a control needle valve and into a 50 /im particulate filter. The 

purpose of the filter is to remove any particulates that could clog the flowmeters and 

doubles as a settling chamber for the incoming fluid. 

The range of flowrates explored in the experiments required the use of multiple 

pressure sensors and flowmeters in order to accurately monitor the spectrum of test 

conditions. The setup includes two Cole-Palmer differential pressure liquid flowmeters 

(Cole-Parmer model 32916-16 and 14) each with an uncertainty of 3% (full scale). 

The low discharge flowmeter has a maximum flow rate of 1 liter/min and the high 

discharge flowmeter has a maximum discharge of 5 liters/min. Both flowmeters have 

a 0-5 volt output to the data acquisition system. A rotameter was placed in series 

with the flowmeters to ensure consistency in the measured flowrates. The calibration 

of each flowmeter was checked gravimetrically prior to the experiments. 
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The water then flowed into the test section and to the sump where the temperature 

of the water was measured. The temperature was measured using an Omega K- 

type submersible thermocouple and corroborated with a regular thermometer. The 

Temperature (T) data was used to correct the dynamic viscosity (/u) of the deionized 

water according to: 

0.1 

-120 + 2.1428 (T[°C] - 8.435 + ^8078.4 + {T[°C] - 8.435)2) 
(4.6) 

obtained from Richter [26]. Once in the sump, the water was pumped back to the 

reservoir using an automatic sump pump completing the circuit. 

4.2.2    Test Section 

The test section, illustrated in Figure 4-2, is axisymmetric with the test fluid flowing 

in from the center tube and exhausting radially outward. The test section may be 

subdivided into three subsections: inlet, valve and positioning section. The inlet 

section consists of a 3/8in Aluminum tube, 36in (96 diameters) long. The tube is 

connected to the valve section and special care was taken to ensure that the inside 

surface was free of gaps and steps. 

The valve section has two cylindrical plates, which were ground flat to a speci- 

fied planarity of less than 1 mil (checked with dial gauge). Accurate control of the 

separation of the two plates is critical to the experiment, and so, to ensure that the 

plates were parallel, they were separated by three thickness gauges placed 120° apart, 

and tightened with screws. The separation was then re-checked with thickness gauges 

and a depth micrometer. Dowel pins ensured the concentricity of the upper and lower 

plates. The upper plate also serves as guide for the valve, which slides up and down 

inside a sleeve. 

The valves, as well as the seats, were fabricated such that all the edges remained 

sharp with no appreciable fillets (checked under a microscope).   This is important 
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Figure 4-2: Test section detail of the macro scale test facility. 

Figure 4-3: Valve geometry detail. 
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Table 4.1:   Valve diameters (4) with corresponding seat widths (s) and non- 
dimensional seat widths (a) 

Valve diameter (dsys) Valve seat width (s) a 
1 0.383 in (9.72 mm) 0.004 in (0.10 mm) 0.01 
2 0.437 in (11.10 mm) 0.031 in (0.78 mm) 0.08 
3 0.562 in (14.24 mm) 0.093 in (2.36 mm) 0.25 

because, as mentioned above, the flow is quite sensitive to rounded edges which 

would not be present in a MEMS-fabricated fluidic system. Pressure was sensed both 

upstream and downstream of the valve. Two pressure-sensing ports, 180° apart, were 

used downstream, to ensure that the flow was symmetric. Pressure sensing both 

upstream and downstream of the valve was performed using two wet-wet differential 

pressure transducers. The low-side transducer was a Setra model 230 with a pressure 

range of 0-2 psid and accuracy of ± 0.25%(FS). The high-side sensor was a sensotec 

model FP2000FDW1VJ with a range from 0-150 psid. The accuracy of this sensor is 

quoted as 0.1%(FS). 

The valve head was positioned using a micrometer (accuracy ± 5 /xm) with a 

special non-rotating head, bonded to the valve. The valve position was measured 

before and after each measurement with a thickness gauge. 

4.2.3    Valve Geometry 

The valve geometry employed for the experiments is detailed in Figure 4-3. The inlet 

diameter (do) was 3/8 in (9.525 mm), plate separation (hp) was set at 450 /im. The 

valve opening (/i„) was varied from fully-closed to fully-open. Three valve diameters 

were employed, as shown in Table 4.1. For each of these configurations, the loss 

coefficient was measured as function of the Reynolds number, valve stroke (h* = 

h„/hp) and seat width (s). 
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4.2.4 Experimental Procedure 

The experimental procedure followed for each experimental run is detailed next. The 

idea behind such a methodology is to minimize the probability of externally induced 

variations in the test conditions and to minimize the effect of known disturbances 

such as bubbles, instrument tare offset and temperature transients. 

The setup is energized, and the tare of the flowmeters is reset. The position 

of the valve is set with the micrometer and checked with the corresponding feeler 

gauge. The valves are then opened and the pump started. In order to dislodge any 

existing bubbles the flow rate is stepped up to its maximum value. The readout of 

the flowmeter is checked with the rotameter to assure the consistency of the flow 

measurements. 

The wet-wet differential pressure sensor is purged via the drain screws and the 

signal is observed in the oscilloscope. The system runs for 5 minutes before any 

measurement is taken m order to ensure steady state conditions. 

The data acquisition system was a National Instruments board and the software 

employed was LAB VIEW release 5.1. The data was sampled at 2 kHz with an over- 

sampling of 10 points, averaged over 4 periods of 5 seconds each resulting in a total 

of 10,000 points per reported point. Multiple runs were made cycling from lower to 

higher flows and viceversa in order to establish if any hysteretic behavior was present. 

The data points were converted using the conversions functions provided with each 

sensor. For each data point the time average and standard deviation were calculated. 

This information was then saved for further analysis. 

4.2.5 Calibration Experiments 

In order to ascertain if the test setup and data acquisition systems were properly 

installed a test experiment was performed. The test experiment was a simple orifice 

experiment. The test section in this case was substituted by that shown in figure 4-4. 

This orifice test setup is made of Aluminum and is comprised of 3 parts the upstream 

section, the orifice plate and the downstream section.   The pipe diameter (D) is 
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Figure 4-4: Test orifice for calibration 

D= 3/8in. The orifice diameter (d) is d= 0.15 in and the plate is t=l/16 in thick. 

The upstream pressure tap is located ID diameters from the orifice plate and the 

downstream pressure tap is located 1/2 D diameters from the orifice plate. 

The results of the experiment are shown in Figure 4-5 where the x-axis shows the 

Reynolds number based on pipe diameter (D) and the y-axis is the orifice discharge 

coefficient. The orifice discharge coefficient Cd is defined by : 

Cd = 
Q [Pji-P'T (4.7) 
^^|v 2AP 

where Q is the flow rate, AQ is the orifice area, /3 is the orifice to pipe diameter 

ratio, p is the fluid density and AP is the static pressure drop across the orifice. The 

orifice tested is classified as a thick orifice (t* = 0.425) as opposed to thin orifices 

which have a t* < 0.02. For thick orifices the separation bubble created at the orifice 

leading edge tends to reattach to the orifice walls thus reducing the head loss. 

Figure 4-5 shows that the experimental values obtained are approximately 3% 

higher than those expected for small orifices with reattached flow from published 

data by Lichtarowicz[16]. 

As it can be appreciated the data shown is nearly independent of the Reynolds 

number consistent with the known behavior of orifices for turbulent flow. Another 

important factor to be noted for this test experiment is that the data shows good 
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Figure 4-5: Test orifice discharge coefficient vs Reynolds number, 

repeatability. 

4.3    Summary 

In this chapter the scaling issues associated with a macro-scale experiment have been 

discussed. The relevant non-dimensional numbers were defined and scaling powers 

derived. Practical considerations of scaling up a system were addressed and finally a 

scaling factor of ten was chosen for the macro-scale facility. 

The second part of the chapter focused on the experimental setup of the macro- 

scale facility The general architecture of the system was described, and the sensing 

capabilities of the system were discussed. Finally calibration data is presented and 

compared to published results. 
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Chapter 5 

Experimental Results and 

Correlations 

In this chapter the experimental results for the three valves described previously are 

reported. The characteristics and sensitivities to various parameters are reported and 

finally the modified valve model is presented. 

5.1    Experimental Results 

The flow is characterized by a discharge coefficient (Cq) which is a function of the 

volumetric flow rate (Q), the inlet diameter (do), the fluid density (p), and the static 

pressure difference (AP) as shown by: 

This represents the measured flow rate, normalized by the ideal flow rate based on 

the applied pressure drop and an equivalent area. The Reynolds number is a function 

of the volumetric flow rate {Q), the kinematic viscosity {v) and the valve opening 

(/it,) and is defined as: 

^•=V;I: *=■'' 
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Figure 5-1: Discharge Coefficient vs.  Reynolds number for different percentages of 
valve opening (h*) for valve 1. The plate separation (hp) was 450 /xm 

This scaling is chosen so that, in the laminar flow regime where the flow rate 

is proportional to the pressure drop, the discharge coefficient is proportional to the 

Reynolds number. In Figure 5-1 the discharge coefficient C, is plotted versus the 

Reynolds number Re* for different percentages of valve opening (h*). It is observed 

that in the turbulent regime, as expected, the discharge coefficient (Cq) becomes a 

weak function of the Reynolds number and therefore remains almost constant. 

In the laminar regime the pressure drop (AP) becomes proportional to the flow 

rate (AP oc Q). The discharge coefficient "is then directly proportional to the square 

root of the flow rate and linearly proportional to the Reynolds number, as defined 

above. It should be pointed out that closer analysis of the data presented in Figure 5-1 

indicates that only the curves for 77% and 100% aperture achieved laminar flow. The 

remaining curves show a transition regime behavior with AP aQ^-^~^-^ depending on 

the case. Drawing an analogy to pipe flow this is reminiscent of classical low-Reynolds 

number turbulent behavior as described by Blasius[34]. The qualitative change in the 

transition point from laminar to turbulent as the percentage of valve opening {h*) 
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changes can be explained if we consider that we have two competing flows. The 

first one is the parallel plate axisymnietric radially divergent flow that undergoes 

a continuous decelaration.- This flow shows a transition at Reynolds numbers Reo 

« 2000, as shown by Moller[18]. The second flow is an orifice-type flow, which 

remains turbulent at much lower Reynolds numbers. This explains the fact that as 

the valve closes the orifice-type effect becomes dominant and turbulent flow continues, 

even for Reo < 2000. 

It should also be pointed out that, in some cases, hysteresis was observed as 

measurements were taken cycling from lower to higher flow rates (Q) and viceversa. 

Hysteresis is clearly visible for the 77% (/i*) curve, and is consistent with observations 

ofSchrenk[29]. 

Inspection of figures A-2, A-1 and 5-1 shows that the transition Reynolds number 

varies with valve opening (/i„) and seat width (s). Observation of the Reynolds 

number behavior for the different valves suggests that for a given valve the transition 

Reynolds number is nearly a linear function of the valve opening ratio (/i*) as seen in 

Figure 5-2. Observing that the slopes are similar, a unified formula for the transition 

Reynolds number is proposed. The transition Reynolds number is described as a 

function of the valve opening ratio (/i*) and the valve diameter (cf*) ratio. Having 

an expression that predicts the transition Reynolds number for different valves and 

openings we can define a modified Reynolds number {Rem) such that all curves will 

experience transition at the same point. The curve is empirical in nature and no 

attempt is made to relate it to physical variables. The modified Reynolds number 

[Re^n) is defined as 

L*/        l-0.692d*        \     /2942-2205d*\ 

where Reo is the Reynolds number based on the valve inlet diameter (do), h* is 

the valve opening ratio and d* is the valve diameter ratio. The results of the scaling 

can be seen in Figure 5-3. 
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5.1,1    Valve Opening Dependence 

The pressure drop vs. valve opening relationship for turbulent flow was explored 

further and the results are shown in Figure 5-4, where the discharge coefficient, C,, 

is plotted versus the percentage of valve opening (/i*) for the three different valves. 

The discharge coefficient, C,, is observed to vary linearly with the valve opening, 

and to be more-or-less independent of the valve geometry, and shows that, based 

on the definition of Gq in equation 5.1, the static pressure diflference is proportional 

to the square of the non-dimensional valve opening (/i*) This result emphasizes the 

importance of maximizing the stroke for these valves in system designs. 

Knowing the dependence of the discharge coefficient (C,) to the non-dimensional 

valve opening {h*) allows us to define a modified discharge coefficient (Cm) such that 

all the curves can be collapsed onto one band for the turbulent flow regime. This 

modified discharge coefficient is based on the valve opening (/i^) raised to some power 

m, and on the inlet diameter (do) having the form: 
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The advantage of doing this is that a valve may be modeled rather accurately 

using a single corrected discharge coefficient formula. Such a scaling can be seen in 

Figure 5-5 where, for valve #1, the scaling power (m) had a value of one. Here, we see 

that, for all valve openings, the modified discharge coefficient (Cm) lies between 0,88 

- 0.93. It should be noticed that as transition effects start to become important this 

approximation fails and should therefore be employed with caution. This behavior 

also supports the analogy between poppet disc valves and orifices. The same behavior 

was also observed in the other valves, although the proper scaling coefficient varied 

slightly. A numerical curve fit indicated that, for valves #2 and #3, a value of m= 0.8 

provided a better collapse of the data in the high-flow regime. The change in the value 

of rn is a consequence of flow reattachment to the valve seat as the valve opening to 

seat width ratio becomes smaller. This effect is addressed in detail in the following 

subsection. 
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separation was hp=450 /zm. 

5.1.2    Valve Seat Width Dependence 

The effect of the valve seat width was investigated with three valves of different seat 

widths (s). The results are shown in Figure 5-6 where the x-axis shows the ratio of 

valve opening (/i„) to seat width (5), defined as (a). The y-axis uses the modified 

discharge coefficient {Cm) with a scaling power m= 1. One interesting result is that for 

values of a > 1 the modified discharge coefficient is not affected by the seat width, 

5. Once this threshold is passed, however, the discharge coefficient becomes very 

sensitive to the seat width and rises rapidly. Significant pressure recovery is observed, 

even surpassing 0^=1- This increase in discharge coefficient may be explained by 

drawing an analogy to thick orifices. For a thick orifice, the separation bubble tends 

to reattach within the throat area as shown by Sahin et al.[28]. The reattachment 

reduces the flow losses across the orifice. For the case where the non-dimensional seat 

width cr < 1 the same phenomenon is observed and we theorize that the separated 

flow undergoes reattachment with the accompanying pressure recovery. 

The results shown in Figure 5-6 are consistent with those obtained by Johnston et 
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Figure 5-7: Seat width effect on discharge coefficient from Johnston et al [14] 

al[U], shown in Figure 5-7, and Lichtarowicz[15] . The main difference seen, though, 

is that Johnston observed a minimum C^ of 0.75 where we observed a higher value 

of approximately 0.9. The reason for this difference is attributed to geometrical dif- 

ferences in the valve test setup. However it is recognized that although the trends 

are similar to those of other researchers more experiments are required to fully char- 

acterize this behavior. A curve fit for the discharge coefficient (C^) as a function of 

a, the valve opening over seat width ratio, is given by 

Cm — " 

where b is given by 

0.9203 + 
0.6755 

■'• ■*" 1,0.1327/ 
1.9361 (h*) *\-b (5.5) 

0.1 

~ fln(a/0.26)\ 
i + io(' 

(5.6) 
0.5 

which is a function of the valve seat width {s) and the modified Reynolds number. 

The value of b oscillates from 0 to 0.1 depending on flow conditions. The valve opening 
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Figure 5-8: Loss coefficient vs. Reynolds number comparison between experimental 
results and the lumped model for various valve opening percentages (h*). 

dependence changes slightly as the Reynolds number decreases reaching the transition 

zone changing the exponent b from 0 to 0.1. The effect is related to the Reynolds 

number dependence of the reattachment point as pointed out by Nakabayashi and 

Ichikawa[20]. 

One important factor to mention is the behavior observed with valve #2, this 

valve shows a flow reattachment similar as that shown by valve #3. The behavior of 

valve # 2, however reaches a maximum and then a sharp decrease of the discharge 

coefficient is observed. In this case it is hypothesized that surface friction forces 

become important diminishing the effect of the pressure recovery product of the flow 

reattachment as pointed out by Lichtarowicz[15]. More experiments are required 

in the future to map and understand this behavior and available data from other 

researchers shows considerable scatter making more difficult the task of identifying 

the point where the maximum is reached. 
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5.1.3    Comparison of Lumped Model to Data 

A comparison of the original lumped model and the data for valve #1 is presented 

in Figure 5-8, where the x-axis is the Reynolds number based on the inlet flow area 

(Al), as defined by: 

and the y—axis is a loss coefficient Co defined by: 

2r \TrdQhvJ 

where APQ is the total pressure drop, p is the fluid density, Q is the volumetric 

flow rate, do is the inlet diameter and hu is the valve opening. It is observed that the 

original order-ot-magnitude flow model captures correctly the flow physics of the valve 

although the numerical values are off by a factor of 2 with respect to experimental 

values. In addition, the original model does not accurately capture the transition 

point. 

5.2    Modified model 

It may be argued that the valve flow cycles from a dominant axisymmetric radially 

divergent parallel plate flow to an oriflce flow depending as a function of the valve 

opening. In order to establish a more accurate prediction for the start of transition 

regime a closer look at the flows is important. 

5.2.1    Detailed orifice model background 

The thin sharp edged orifice flows have been studied in detail by many researchers. 

The turbulent behavior of orifices is heavily documented and because of its use as 

flowmeter, standard empirical correlations exist. Transition in this flows is observed 

for Reynolds numbers (based in the orifice diameter) in the range of 3000 - 4500 as 
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reported by Reader-Harris[25]. Reader-Harris and coworkers presented a new corre- 

lation for the enlarged EEC/API database. The database includes data for orifices 

from 50 and 600 mm pipes. The improved orifice discharge {Cd) equation[25] is given 

by: 

Cd   =   0.5934 + .0232/3^-^ - 0.2010^9^ + .000515 
[ReDj 

+   (0.0187 -f- OMAr)P^'^ max i I -^ J     , 23.1 - 4800—^ 

+   (0.043 + (0.090 - Ar) exp-^°'i -(0.133 - A) exp(-'^'>))(l - A) (T^-OI ) 

-   0.031(M2-0.8M2^-^)  H-Smaxjlogf^Vo.ojl^S^-^ 

/0.05 \ ,    , 
+   0.0015 max I—--1,0] (5.9) 

where 

1-/3 

and 

9/ 
M2 = -=^ (5.10) 

_ /2100/3y' 

"^'-[ReDj    ' 
(5.11) 

The orifice discharge coefficient (Cd) is seen to be a function of the orifice to pipe 

diameter ratio {/3), the Reynolds number (RBD) based on the pipe diameter (D), 

the distance between the upstream pressure tap to pipe diameter ratio (/i) and the 

distance between the downstream pressure tap to pipe diameter ratio (^2). 

The discharge coefiicient for orifices at lower Reynolds numbers (Re^ < 1000) 

is not as well known. Results by Mills[34] and Sahin[28] suggest that for Reynolds 

numbers up to Re^ « 25 the orifice discharge coefficient for laminar flow[34] is given 

by: 
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Figure 5-9: Sharp edged orifice discharge coefficient vs Reynolds number 

Cd = 0.15Vi2e- (5.12) 

Combining the known turbulent behavior described by equation 5.9 and the lami- 

nar flow behavior of equation 5.12 a map for the behavior of the behavior of a simple 

thin sharp edged orifice is shown in figure 5-9. The transition region ranges from 

Re« 25 to Re« 4500. 

For Reynolds less than 10^, the discharge coefficient has to be corrected for 

Reynolds dependency and surface conditions, and these correlations are less com- 

mon and less reliable than those for fully rough turbulent regime. 

In the case of long orifices results by Lichtarowicz[16] showed that the discharge 

coefiicients are significantly higher than those predicted for thin sharp edged orifices. 

In particular for non-cavitating long orifices for l<Re< 10000 he proposes a curve fit 
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based on a modified Reynolds numbers (iie/i): 

^'^'■ = (—j -. (5") 
which is based on the pressure drop across the orifice (AP), the fluid density (p), 

the orifice diameter {d) and the kinematic viscosity [u). Lichtarowicz[16] curve fit for 

the orifice discharge coefficient is given by: 

J_^J_      20_/ l_\ 0.005^  
Cd~ Coo     Reh V  ^       d)     1 + 7.5(ln(0.00015i2e;,))2 ^^"^^^ 

where Coo is the discharge coefficient for Re/, > 10000, / is the thickness of the 

orifice, and {d) is the orifice diameter. The curve fit is very good and describes 

accurately the results obtained by various researchers for Reynolds numbers between 

1 and 10000. Beyond this value the discharge coefficient becomes independent of the 

Reynolds number (or nearly so) and is described by the equation [16]: 

Coo = 0.827 - 0.0085- (5.15) 

becoming only a function of length [1) to orifice diameter [d) ratio. The higher 

discharge coefficients are attributed to flow reattachment and the subsequent pressure 

recovery that this brings. For l/d = 0.5 Lichtarowicz found that the orifice discharge 

coefficient rose rapidly, reaching a peak at about Re/, « 700 and then falling rapidly 

to the ultimate discharge coefficient (CQO). For longer orifices, the sharp change 

smoothes out and the irregularity almost disappears. 

5.2.2    Modified valve model 

The similarity between the orifice results of Lichtarowicz (see Figure 5-10 and 5-11) 

and the present investigation valve results (Figure 5-1) is striking. It is interesting to 

note how the shape of the curve varies as the length to diameter ratio of the orifice 

varies. Analogously the valve curve profile varies in the same manner as the opening 

changes. Qualitatively, as was originally hypothesized, the valve can be seen to behave 
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just as a long orifice but the analogy may be extended to the laminar regime. 

Considering the resemblance between the orifice and valve model it is tempting to 

attempt to correlate the current valve data with an equation similar to Lichtarowics 

equation 5.14. Using a curve fitting program (DATAFIT by Oakdale Engineering) it is 

seen that the curves of individual experiments correlate well. In the interest to obtain 

only one curve for all experiments the current data is scaled using equations 5.3, 5.5 

and 5.6. Using this scaling functions the transformed data collapses into one curve 

as seen in Figure 5-12 

The curve shown in Figure 5-12 can be approximated by using equation 5.14 as 

suggested by Lichtarowicz. The curve however requires different coefficients which 

were obtained using the curve fitting program DATAFIT. The equation is then given 

by: 

_1_ 
0.956 + 

364.89 0.194 
(5.16) 

Rem       1 + 2.608(ln(G.000718/i:e^))2 * 

The results for valve #1 can be seen in Figure 5-13. The corresponding plots for 

valves #2 and #3 and a summary of the equations can be found in Appendix A. 
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5.3    Summary 

In this chapter the steady state experimental results for three valves of different di- 

ameters have been presented. Parametric studies were done for the Reynolds number 

dependency, valve aperture dependence, and seat width dependence. The results were 

compared to those the original order of magnitude valve model and found a factor of 2 

difference. More detailed analysis revealed that the valve behavior approximated that 

of a long orifice even in the transition and laminar regimes. For comparison curve fits 

using an empirical formula for orifices was employed with good results further con- 

firming the analogy in this low turbulence regimes. Finally a generalized coefficient 

formula as function of valve opening and valve diameter was obtained. 
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Chapter 6 

Conclusions and Recommendations 

From the outset of this research, the goal has been to generate a model that describes 

accurately the hydraulic behavior of microsystems. A low-order lumped model was 

constructed and integrated to a full system simulation. The need to obtain a better 

representation of microvalve behavior led to experiments to characterize their behav- 

ior. 

The flow characteristics of a poppet type disc valves with geometries defined by 

standard microfabrication techniques have been studied employing a 10:1 scale exper- 

imental facility. The experiments have shown that the commonly used orifice analogy 

is a good approximation in the turbulent regime. Transition effects, however are not 

properly captured by such model. This is attributed to the competing nature of the 

axisymmetric divergent flow between two parallel plates and the small orifice flow for 

different valve openings. 

The sensitivity to valve stroke has been characterized for the turbulent regime 

and it was shown that AP becomes proportional to the square of the valve opening 

to plate separation ratio {h*). 

The valve seat width effect has been investigated showing that for the turbulent 

regime the modified discharge coefficient, Cm: is independent of the valve opening 

to seat width ratio, a. It has also been seen that for s less than one, the modified 

discharge coefficient rises significantly, presumably due to reattachment. 

What is particularly encouraging, however, is that the simple model does capture 
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both the character and (with a factor of about two), the numerical values of the loss- 

coefficients. This is extremely valuable for the complex design in which many trade- 

offs need to be balanced to ensure a functional, robust and efficient micro-hydrauHc 

transducer. 

A more detailed analysis of the data showed that qualitatively the flow behavior 

is strikingly similar to that of long orifice for the transition and laminar regimes. 

The present results were fitted to empirical orifice correlations for Reynolds numbers 

Reft < 10000. The resulting model is comprised of two scaling formulas : a modified 

Reynolds number formula and a discharge coefficient formula (as function of the valve 

opening to seatwidth ratio). These two formulas allow the re-scaling of the curves 

into one similarity curve. This curve may in turn be fitted to an orifice empirical 

orifice formula as in Lichtarowicz[16]. 

More experiments will be pursued in the near future, including unsteady mea- 

surements and measurements in the full-scale (micro) device. A second step in the 

systematic study of the valve will be unsteady measurements to obtain a better under- 

standing of the unsteady behavior at high frequencies valves. Finally the experiments 

will be taken to the full-scale prototype microvalves. In this experiments comparisons 

between the results obtained with the macro-scale valve will be evaluated for the 

. steady and unsteady state. 
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Appendix A 

Valve Plots and Summary of 

Model Equations 

The model used for predicting the flow losses is comprised of three main formulas: a 

Reynolds number scaling, a discharge coefficient scaling and the equation that relates 

the scaled Reynolds number to the scaled discharge coefficient. 

RGrn ^^ R^O — ";— 
1 - 0.692d* + 2942 - 2205d' 

h* V 2.483e - 3 - 2.818e - M* 1 - l.SSrf* 
(A.l) 

^- i + exp(^^-p) li + io(^^^^^^i'^)) 
(A.2) 

Cf = 0.9203 + 
0.6755 

1.9361 (h*) *\-b (A.3) 

1      Cf      „„,,     364.89 0.194 
C-    Cm       ' Rcm      l + 2.608(ln(0.000718ReJ)2" 

(A.4) 

Trhydo V 2AP 
(A.5) 
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ABSTRACT 

The performance of a number of mechanical applications could be greatly improved by 
the introduction of transducers that are capable of exploiting the inherent power densities 
of piezoelectric materials. The ability of these solid-state materials to exert large forces at 
high frequencies engenders them with specific power levels (mass normalized) that are 
often several orders of magnitude greater than conventional transducers, but their utility is 
offset by their small achievable strains. A novel concept for a device capable of improved 
solid-state transduction. Micro Hydraulic Solid-State Transducers (MHSTs), is introduced 
and explored in this thesis. The concept is comprised of two core principles: (1) utilization 
of a hydraulic system consisting of a pump, valves, and a working fluid to rectify the high 
frequency reciprocations of a piezoelectric drive element into unidirectional motion, and 
(2) performance enhancement through miniaturization. The goal is a transducer possess- 
ing high power densities that is useful in conventional applications. 

Feasibility of the MHST concept is evaluated by designing, modeling, and simulating a 
prototype mechanism. The effects of miniaturization on device performance are investi- 
gated and an optimal scale is determined. Concept feasibility is based on predicted system 
performance, existing issues, and manufacturing constraints. It is concluded that the con- 
cept is feasible and warrants further development. 
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Chapter 1 

INTRODUCTION 

Electromechanical transducers are those devices that convert electrical energy to mechani- 

cal energy (or electrical to mechanical). Examples of such transducers include solenoids, 

microphones, loudspeakers, accelerometers, motors, and generators [Grandall et al., 

1982]. Two important classes of electromechanical transducers are actuators, mechanisms 

that convert electrical input energy into mechanical forces to perform work on an interfac- 

ing structure (or other mechanical load) to alter its state, and power generators, mecha- 

nisms that extract potential mechanical energy from an interfacing system and convert it 

into electrical energy that can be consumed or stored. 

Power generators range greatly in size and conmionly operate in the 1-100 Watt range (e.g. 

portable gasoline internal combustion generators and solar panels) to the MegaWatt level 

(e.g. hydroelectric and nuclear power plants), but relatively recent advances in active 

material and micromachining technologies have given rise to a new subclass of power 

generators, called power/energy harvesters, that generate power on the subWatt to Watt 

range. The principal objective of power harvesters is to exploit environmental energy 

sources (natural and man-made) for applications such as sensor, communications, and 

navigations circuits. Examples of ambient environmental energy sources include chemical 

and thermal gradients, sound, vibration, mechanical motion, wind, fluid flow, solar, radio 

frequency, plant material, organic matter, and human movement [DARPA, 1997]. 

21 
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There are a number of ways to compare potential transducers. Confimon measures of actu- 

ator performance include bandwidth, stroke, and induced force or stress. Energy-based 

comparisons offer a convenient way to combine several of these performance metrics. A 

useful indictor is the actuation Energy Density (J/kg), or Specific Work, which is the max- 

imum amount of work that can be delivered to an ideal load, normalized by the mass of the 

actuator [Bent, 1997]. Energy density is defined as 

1 

ED =  (1.1) 
2^^'/ 

'act 

where o^ is the blocked stress of the actuator, £y is the free strain, and p^^f is the actuator 

density. However, the bandwidth, or number of actuation cycles per second, of the device 

is ignored by this metric and fast actuators are not favored over slow ones in evaluation. 

Since in many applications it is the rate of mechanical energy transferal, which is to say 

the total energy imparted over a given time intervjil, that determines actuator effectiveness, 

a more useful indicator is actuation Power Density (W/kg) 

PD~EDf (1.2) 

where/is the frequency of actuation. Efficiency, defined in this work to be the ratio of out- 

put to input energy or average power, is also a powerful comparison tool as it indicates the 

effectiveness of the transduction. These performance metrics, although described here in 

the context of actuation, are equally applicable to power generators if the direction of 

energy transfer is taken to be in the opposite sense, out of the interfacing system (see 

Figure 1.4). 

1.1 Motivation 

One of the main objectives in the design of transducers is to increase the response of the 

device, which can be achieved by increasing the rate at which the device converts electri- 

cal energy into mechanical, or vice-versa [Nelli Silva et al., 1997]. Applications with 
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weight and geometry constraints further require a minimization of the transducer mass and 

size. Examples of such apphcations include sensing and actuation of air and space struc- 

tures, transducers for autonomous robotic systems as well as remotely operated vehicles 

(ROVs), and drivers for underwater acoustic transducers. In many cases the effectiveness, 

and even feasibility, of these systems depends largely on the abilities of their transducers. 

Solid-state, or active, materials possess characteristics that make them well suited to 

transducer applications. "Piezoceramics are perhaps the most widely used active materials 

because of their ease of implementation and use... Actuation and sensing is applied 

through electrical signals, and their low field linear behavior has aided in modeling for 

transducer apphcations" [Bent, 1997]. Figure 1.1 compares the energy, bandwidth, and 

maximum theoretical power densities of some conmion transducers. The corresponding 

data and assumptions are listed in Table 1.1. It can be seen that active materials possess 

power densities that are, in some cases, several orders of magnitude greater than more cus- 

tomary devices such as electromagnetic motors. Specifically, the relatively high band- 

widths of piezoelectrics give them peak power densities on the order of 100 kW/kg, while 

electromagnetic transducers are limited to roughly 10 kW/kg. Also noticeable is that 

hydraulic actuators possess extremely high single stroke energy densities but are typically 

capable of only low frequency actuation. 

Although piezoelectrics are capable of superior performance their abilities remain largely 

unexploited in most engineering applications. Since the transducer's optimal power output 

is the product of its single stroke energy and its bandwidth, it necessary to operate the 

device at its maximum firequency to realize this power. Referring to Figure 1.1, the fre- 

quency range is 1-100 kHz for common piezoelectric transducers. Unfortunately, most 

applications require much slower actuation speeds and, as a result, do not utilize the full 

potential of the material. 

The recent development of single-crystal piezoelectric material (PZN:PT) offers remark- 

able advantages in transducer design. As shown in Figure 1.1, P21N:PT is capable of 
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Figure 1.1 Upper Bound on Specific Work vs. Frequency for Various Actuation Media; SMA is 
shape-memory alloy; PZN:PT is the new single-crystal piezoelectrics; MSM is magnetic shape 
memory materials [Hollerbach et al., 1992; Huber et al., 1996; Hagood, 1997]. 

inducing strains which are ten times greater than the best conventional (polycrystalline) 

piezoelectrics with equal or greater increases in power densities. They also exhibit low 

hysteresis which leads to greater efficiency. Although researchers have not yet demon- 

strated effective techniques for manufacturing large single-crystals, small crystal (less than 

1 cm) manufacturability has been achieved and such crystals are commercially available^ 

The result of this development is the existence of an active material that has superior per- 

formance characteristics which can have a profound impact on actuation technologies. 

1. The single-crystal piezoelectric material TRS-A is available from TRS Ceramics, Inc., Suite J, 2820 East 
College Avenue, State College, Pennsylvania 
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TABLE 1.1    Estimated performance and characteristics of various actuators^ The number sets 
represent the expected range of values. 

Maximum 
Clamped 

stress 
(MPa) 

Free 
strain 

Density 
(kg/m^ 

Bandwidth 
(kHz) 

Stroke 
work 

coefficient 

Cyclic 
power 

coefficient 

power 
limit 

(W/m^ 

Hydraulic 14        70 0.1 0.5 2000 1600 0.01 0.05 1 1 0.4 0.5 5e8       5e8 

Pneumatic 0.18     0.9 0.1 0.5 250 180 0.01 0.05 1 1 0.4 0.5 5e6        5e6 

Muscle 0.08     0.4 0.14 0.7 1100 1000 0.02 0.1 0.5 0.7 0.25 0.35 5e5       5e5 

SMA 140      700 0.014 0.07 6600 6400 0.002 0.01 0.3 0.6 0.05 0.08 7e5       7e5 

Electrostricor 23.4     117 2e-4 0.001 7800 7800 18 90 0.5 0.5 1 1 lelO     5e9 

Magnetostrictor 30        150 4e-4 0.002 9100 6500 2 10 0.5 0.5 1 1 le8        le9 

MSM 150      750 0.002 0.01 8130 8130 2 10 0.5 0.5 1 1 le8        le9 

PZN:PT 60        300 3.4e-3 0.017 5882 5882 20 100 0.5 0.5 1 1 lelO     5elO 

Electromagnetic 0.01     0.1 0.02 0.4 7600 3800 0.02 50 0.5 1 0.25 0.5 le4       4e4 
Range 

Voice Coil 0.01     0.05 0.02 0.1 7600 7000 10 50 0.5 1 0.25 0.5 5e5       2e6 

Solenoid 0.02     0.1 0.08 0.4 4400 3800 0.02 0.1 0.5 1 0.25 0.5 le4       4e4 

Piezoelectric 1          157 4e-5 0.001 7800 7500 2 200 0.5 0.5 1 1 9e7       5e8 
Range 

PZT-5H (Soft) 31.4     157 2e-4 0.001 7500 7500 2 10 0.5 0.5 1 1 9e7       5e8 

PZT-6B (Hard) 4.68     23.4 4e-5 2e-4 7800 7500 20 100 0.5 0.5 1 1 9e7       5e8 

PVDF 1          5 2e-4 0.001 1900 1750 15 75 0.5 0.5 1 1 3e8       3e8 

a. Hollerbach et al., 1992; Huber et al., 1996; Hagood, 1997 

The cunrent limitation of PZN:PT crystal size is believed to be temporary and is, as will be 

seen, not relevant to this thesis. 

"MicroElectroMechanical Systems (MEMS) represents a new multi-disciplinary technol- 

ogy field with enormous potential for new commercial, industrial, medical, and defense 

applications. MEMS are fabricated by integrated circuit processing methods and com- 

monly include sensors and actuators with physical dimensions of less than 1 mm on a 

side" [PoUa et al., 1994]. Demonstrated MEMS devices include a wide variety of actua- 

tors, sensors, fluidic systems, and many others. The ability to fabricate microelectrome- 

chanical devices has inherent benefits which make the technology extremely attractive. 

Batch fabrication permits the simultaneous manufacture of large numbers of mechanisms 

at low cost, and contributes fiinctionality benefits by enabling distributed sensor and actu- 

ator arrays, redundant components, and complex system structures. The close similarities 
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between integrated circuit and MEMS fabrication techniques enable the merger of the 

mechanical and electrical components into a fully integrated device. Additionally, the 

behavior of a micromechanical transducer is sometimes different than its macro counter- 

part (e.g. resonant frequencies are higher) leading to potential performance advantages. As 

a result of these properties, (1) batch fabrication, (2) distributed sensor/actuator arrays, (3) 

component redundancy, (4) electronics integration, and (5) high frequency operation, it is 

possible to create an array of micromechanical transducers that is capable of greater 

rates of energy conversion than a single macro transducer of equal mass, leading to 

higher power density. 

1.2 Objectives 

The major goal of this work is to assess the feasibility of a new transducer comprised of a 

microhydraulic pump, valves, and pressure reservoirs that is capable of efficiently exploit- 

ing the power densities of active materials, specifically, single-crystal piezoelectrics. The 

devices are hereafter referred to as Micro Hydraulic Solid-State Transducers (MHSTs). 

The supporting objectives are: 

1. Development of a prototype design 

2. Derivation of an analytical system model 

3. Identification of the key issues and trade-offs in the design process 

4. Investigation of the effects of scale on performance 

5. Investigation of the effects of design parameter changes on system perfor- 
mance 

1.3 Background 

Active Materials 

Active materials are materials that have some property which is controllable by the appli- 

cation of an external excitation. The simplest example is metals which change shape when 

exposed to variable temperature levels. Other examples of controllable properties are stiff- 
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Piezoelectric 
material Ov, 

Surface electrodes 

Figure 1.2   Piezoelectric effect 

ness (shape memory alloys [BeuUer and Wiley, 1965; Hurtado et al., 1995]) and viscosity 

(electrorheological fluid [Wang et al., 1994]). There are a number of external excitations 

which cause shape changes, but the most important are electrical and magnetic excitations. 

For this study, the interest is in piezoelectric materials [Du Plessis, 1996]. 

Originally discovered by the Curie's in the 1880's, piezoelectricity is the ability of certain 

crystalline materials to develop an electrical charge proportional to an applied mechanical 

stress. The converse effect can also be observed in these materials where strain is devel- 

oped proportional to an applied electrical field (see Figure 1.2) [Jaffe et al., 1971]. Today, 

industrial piezoelectric materials are lead based ceramics available with a wide array of 

properties. Maximum actuation strains of conventional materials are on the order of 0.1% 

[Chan and Hagood, 1994]. Piezoelectric materials have high actuation authority due to the 

high Young's modulus. Another advantage of piezoelectric ceramics is the high associated 

bandwidth which enables dynamic control applications. The biggest drawbacks of these 

materials are their brittleness and high densities. Piezoelectric materials are the most well 

known active material typically used for transducers as well as in adaptive structures [Du 

Plessis, 1996]. 

Microvalves 

"Microvalves and micropumps are among the most promising of micromachining devices" 

[Shoji and Esashi, 1994]. "The development of miniaturized fluid pumping systems 

started in 1980 with the work of Smits and Wallmark at Stanford University with a peri- 
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staltic micropump using piezoelectric bimorphs. Because micropumps can be used for 

many possible applications in such diverse areas as medicine, office automation, chemical 

analysis or industrial process control, up to now there have been many efforts to improve 

these devices" [Zengerle et al., 1992]. The result is the development of a wide variety of 

pump actuation principles, valve designs, and manufacturing techniques. 

The design of microvalves has attracted much attention in the field of MEMS. Quoting 

Gravesen et al., 1993: 

Micromachined valves have a number of advantages over traditional 
valves. They benefit from small size in terms of response time, power con- 
sumption, small dead volume and improved fatigue properties. However, in 
some applications, the small size can turn out to be an Achilles heel, where 
flow demands cannot be met. The majority of micromechanical valves have 
been designed for gas flow control. Only a limited number are intended for 
liquid applications. 

Microvalves, like traditional valves, can be either passive or active. Passive valves require 

no external power and function by utilizing the energy present in the fluid. Theu: behavior 

is governed by their structural geometry and the fluid flow/pressure characteristics. The 

use of passive valves is beneficial because they are simple and easy to micromachine, and 

they consume no power. The primary disadvantage of the mechanisms is that they are typ- 

ically one-way check valves so that fluid can be pumped in one direction only. Active 

valves derive benefits by using external power, and often employ the same type of actuator 

as the pump. Their advantages include bidirectional fluid flow, faster response times, and 

flow control. The design penalties are increased complexity, mass, power consumption, 

and additional circuitry for valve drive and control. 

Due to the planar nature of the fabrication process, design of micromechan- 
ical valves is restricted. This constraint, and the matured process for silicon 
diaphragm fabrication, has favored designs incorporating diaphragms as 
the moving elements. However, valves with cantilevers as moving parts and 
various types with perforated diaphragms have also been constructed. Very 
small cantilever types can be fabricated, making them suitable for passive 
check valves in micropumps. These valves are surrounded entirely by liq- 
uid, which can contribute to failures by clogging or sedimentation of the 
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narrow gaps encountered in these designs. This is normally overcome in 
the [active] diaphragm valves, where the diaphragm separates the fluid side 
from the actuation side... [Gravesen et al., 1993] 

Due to their diverse sizes, functions, and operating conditions, it is difficult to compare the 

performance of existing microvalves. An excellent discussion of demonstrated mecha- 

nisms, passive and active, can be found in Shoji and Esashi, 1994, as well as detailed 

descriptions their functionality. As will be seen later in this section, this thesis is con- 

cerned primarily with active valves, and no further discussion of passive devices is neces- 

sary. Table 1.2 summarizes the capabilities of some active microvalves in the literature. It 

can be inferred from the response times that the frequencies of these devices are, with the 

exception of the microheater valve, roughly 100 Hz to 1 kHz. 

TABLE 1.2   Performances of active microvalves in the literature (taken from Shoji and Esashi, 1994). 

Type Actuator Size Flow range Response time     Ref." 

Bulk silicon stack type 10 mm X 10 mm 40 ml/min 1 msec [1] 
(normally 
closed) 

piezoelectric X 10 mm (N2:0.5 kgf/cm^) 

Silicone 
rubber seat 

cantilever type 
piezoelectric 

24 mm x 12 mm 
xSnom 

9 ml/min 

(H2O:0.2kgf^cm2) 

1 msec [2] 

Silicone 
rubber seat 

shape memory 
alloy and bias 
spring 

3mm(t) 
x8mm 

10 sec [3] 

Cantilever electrostatic 3.6 mm x 3.6 mm 150 ml/min 

(Air:0.25 kg^cm^) 
[4] 

Pressure electrostatic 1 mmx 1.8 mm 160 ml/min [5] 
balance X 1.4 mm (Air:1.34kg^cm2) 

Microheater thermopneumatic 3 mm X 3 mm 60 ml/min 

(N2:0.35 kgf/cm^) 

5 msec 
(calculated) 

[6] 

Active check electromagnetic/ 
electrostatic 

3 mm X 8 mm 3 ml/min 

(Air:0.16kg&cm2) 

0.4 msec [7] 

Diaphragm bimetallic 2.5 mm 300 ml/min 

(Air:7 kgf/cm^) 

[8] 

a.   [1] Esashi, 1990; [2] Shoji and Esashi, 1988; [3] Shoji et al., 1988: 
blick and Angell, 1987; [7] Bosch et al., 1992; [8] Jerman, 1990. 

[4] Ohnstein et al., 1990; [5] Huff et al., 1993; [6] Zde- 
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MHSTs require valves with better performance than those found in the literature. 

Although it is difficult to quantify the flow specifications, except to say that greater flow 

will always lead to better performance, it is expected that the requirements in MHSTs will 

be on the order of 100 ml/min. The bandwidth requirement is approximately 10-100 kHz 

(for a 6 mm valve); it will be shown that the valve bandwidth is one of the primary factors 

limiting system performance. In summary, some of the current microvalve designs meet 

the flow requirements but all fall short of the needed bandwidth. 

Micropumps 

Micropump actuators may be loosely classified into two categories: miniaturizable and 

micromachinable. Miniaturizable actuators are those conventional devices or materials 

that are typically employed in macro applications, but find use in MEMS devices by exter- 

nal insertion or bonding techniques. The use of miniaturizable actuators in micropumps is 

beneficial because of the increased freedom in materials and geometry, but severely 

restricts the minimum pump size to that which will permit mechanical assembly. Micro- 

machinable actuators are those that are fabricated along with the other pump structures. 

Their most important benefits are the absence of separate assembly steps, thus permitting 

batch fabrication, and the potential for creating much smaller devices. Table 1.3 compares 

the relative characteristics of most pump actuators reported in the literature. For a descrip- 

tion of the operational principles behind these actuators, the reader is referred to Shoji and 

Esashi, 1994. 

Most micropumps hitherto demonstrated have been designed for low-pressure, low-flow 

applications such as microdosing of liquids, fluid transport in chemical analysis systems, 

and drug delivery, and are therefore inadequate for use in hydraulic actuation systems 

where high fluidic power is required. Table 1.4 compares the characteristics of several 

reported designs. In most cases the pump mass was not reported and it is difficult to calcu- 

late the power density, but since all of the mechanisms are essentially planar it is possible 

to make rough comparisons by normalizing the power output to the surface area. Using 

this metric the best design is a high frequency piezoelectric pump capable of 2 ^W/mm^. 
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TABLE 1.3   Properties of miniaturized conventional and micromachinable actuators (taken from [Shoji 
and Esashi, 1994]) 

Stroke Response 
Actuators Pressure (displacement) time Reliability 

MINIATURIZABLE 

Solenoid plunger small large medium good 

Piezoelectric disc small medium fast good (hysteresis) 

Piezoelectric stack very large very small fast good (hysteresis) 

Pneumatic large large slow good 

Shape memory alloy large large slow poor 
% bias spring 

MICROMACHINABLE 

Electrostatic small very small very fast very good 

Thermopneumatic large medium medium good 

Electromagnetic small large fast good 

Bimetallic large small medium enough 

The mechanism achieves high bandwidth operation because it has no mechanical check 

valves; instead, it incorporates nozzles, or diffusers, that "transform kinetic energy (flow 

velocity) into potential energy (pressure)" [Olsson et al., 1996]. Such pumps have the 

added advantage of a highly simplified design. However, the lack of valves precludes a 

zero-power holding force, and the nozzle elements allow for unidirectional pumping only 

(although fluid can freely return if an external reverse bias pressure is applied). Also, the 

pump requires high Reynolds number flow to operate, suggesting a lower limit on the 

scale at which it may be fabricated [Gravesen et al., 1993]. The remaining pumps possess 

significantly lower power. 
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TABLE 1.4 Comparisons of existing micropumps reported in the literature. N/r indicates that the data was 
not reported in the reference. Power represents the hydraulic output capability and is calculated based on 
the maximum reported simultaneous flow and pressure. Area denotes the footprint of the device. 

Max Max Power/ 
J*™"?                  Valve Working How prcs.      Power     Area area 
*yi^ ^V^ fluid Freq. (nl/min)      (kPa)      (jiW)       (mm*)       OiW/mm*)     Ref.» 

reciprocating passive water 3-4 kHz       2300 74 491 255 2.0 [5] 
piezo. disc diffuser 

reciprocating active water 1-150 Hz     1600 17 25 35 0.7 {2] 
piezo. beam elastic 

buffer 

reciprocating passive methanol      10 kHz        300 7 7 25 0.3 [7] 
piezo. disc diffuser 

reciprocating passive water 40 Hz 100 10 9 784 0,01 {6] 
piezo. disc check 

flexuralwave valveless water 35 kHz        n/r n/r 5 1000 0.005 [3] 
piezo. plate 

reciprocating passive water 0.1-1 Hz      8 10 0.3 2000 O.OOOI [4] 
piezo. disc check 

reciprocating active gas 1-30 Hz       20 8 0.04 400 0.0001 [8] 
piezo. element reciprocating 

reciprocaUng passive water 25 Hz 70 3 n/r 49 n/r [1] 
electrostatic check 

a.   ni Zengerle et al.. 1992; (2) Stehr et al., 1996; [3] Miyazaki et al., 1991; [4] van Lintel et al., 1988; [5] Olsson et al., 
1996; [6] Bass et al., 1994; [7] Gerlach and Wurmus, 1995; [8] Esashi et al., 1989. 

1.4 Approach 

1.4.1 Displacement Rectification Concept 

The approach adopted in this work was to develop advanced actuators (and power harvest- 

ers) by using hydraulics to rectify the displacements of a piezoelectric element. This recti- 

fication is accomplished through the use of valves and a working fluid (most likely liquid) 

in what constitutes a piezoelectric pump. The vibrating element enables electromechanical 

energy conversion as the fluid flows from one pressure potential to another. If electrical 

power is supplied to the system from an external source a pump is realized that provides 

fluidic power (pressure and flow) to drive a hydraulic actuator. Conversely, with slight 

changes in the mode of operation the system functions as a power harvester that extracts 
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energy from ambient pressure sources as fluid, flowing in the reverse direction, travels 

from a high pressure source (with correspondingly high potential energy) to a lower one. 

The energy conversion rate of the mechanism depends on several factors, including the 

properties of the piezoelectric material and its frequency of operation. Since piezoelectric 

properties are limited by the current state of materials technology, the strategy adopted in 

this work was to target frequency. The power output of the element depends on the appli- 

cation frequency, but successful harnessing of the power density capability of the piezo- 

electric derives from the ability to operate it at its maximum frequency. Most structural 

actuation scenarios, however, require bandwidths significantly lower than these frequen- 

cies. Likewise, few such high frequency mechanical phenomena exist in nature that can 

act as suitable energy sources for a power harvesting mechanism. By rectifying the piezo- 

electric's reciprocations into unidirectional flow, a transformer is realized that reduces the 

frequency of the active material to a level more suitable for application, thereby maximiz- 

ing the system's electromechanical energy conversion by allowing the piezoelectric to 

operate at high frequency. In this way it is posible to operate along the maximum power 

curve by trading frequency for stroke (see Figure 1.1.) 

1.4.2 Actuator Concept 

A generalized solid-state hydraulic actuator is shown in Figure 1.3. A piezoelectric ele- 

ment and two valves comprise a pump which drives fluid from a low pressure reservoir to 

an actuator (for immediate usage) or high pressure reservoir (for energy storage). A volt- 

age applied to the piezoelectric induces strain in the element resulting in a net volume 

change of the fluid chamber. A controller synchronized with the pump signal cycles the 

active valves out of phase with each other in a specified duty cycle, transforming the vol- 

ume oscillations of the chamber into a net flow rate. The accumulation of fluid in the actu- 

ator increases the pressure and performs useful work on the load. After the actuator travels 

its full stroke the flow direction is reversed and the actuator is evacuated as it retums to its 

initial position, completing the actuation cycle. In this way the high frequency, small dis- 
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Figure 1.3   Generalized solid-state hydraulic actuation system 

placements of the piezoelectric are rectified into low frequency^, large stroke actuation. 

The extent to which the power density of the active material is preserved in the final actua- 

tor depends on the mass and efficiency of the design. If the application requires bidirec- 

tional actuation then the pump is driven throughout the full actuation cycle; flow reversal 

is affected by shifting the phasing of the valves with respect to the drive signal. 

1.4.3 Power Harvester Concept 

Figure 1.4 illustrates a generalized power harvesting system which is capable of extracting 

the energy that exists in any ambient static or pseudostatic^ pressure source. The controller 

toggles the valves, transforming the static fluid pressure into high frequency pulses on the 

piezoelectric. Valve actuation at the natural frequency of the system will resonate the ele- 

ment and create a near sinusoidal voltage signal, inducing a current in the coupled cir- 

cuitry (not shown) and resulting in an electrical power flow that may be rectified and 

2. Because there are typically many (-1000) pump cycles per actuation cycle, the actuator is said to be low 
frequency in comparison. It should be noted, however, that the actuator frequency may in fact be in the 
kHz range or higher. 

3. Low frequency with respect to the pump reciprocations. 
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Figure 1.4  Generalized solid-state hydraulic power harvesting system 

Stored. Exciting the piezoelectric at resonance will maximize the amplitude of the ele- 

ment's deflection and optimize the power output. 

Although these diagrams illustrate single systems for simplicity, they may be comprised of 

any combination of series or parallel units to achieve different goals (see Figure 1.5). Cas- 

caded pumps, for instance, will provide greater ultimate pressure than a single pump is 

capable of. Similarly, the net flow rate of a power harvester can be tailored by arranging 

the appropriate number of pumps in parallel. Force and power requirements as well as 

redundancy criteria dictate the appropriate system configuration. 

Although actuator functionality can be achieved using passive check valves (e.g. cantile- 

vered) they have limitations. The high bandwidth requirement necessitates valves that are 

extremely stiff, leading to significant pressure losses as viscous fluid is force between the 

valve disk and seat. Also, because passive valve systems are only capable of unidirectional 

fluid flow, auxiliary fluid return lines are required for multiple actuation cycles. The 

applied force present in active valves solves these problems and offers additional advan- 
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Figure 1.5  Possible system configurations 

tages including flow control and improved sealing. Active valves are required in the power 

harvester to transform the static pressure into dynamic forcing. 

1.4.4 Physical Implementation 

Geometry 

A prototype design that provides both actuator and power harvester functionality was cre- 

ated and is shown in Figure 1.6. The constituent components are a pump, two active 

valves, a low pressure reservoir (LPR), a high pressure reservoir (HPR) (or actuator), a gas 
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volume compensation chamber, flow channels, a working fluid (liquid), and circuitry. All 

geometric features are essentially planar to facilitate microfabrication. 

pump chamber 

piezoelectric 
elements 

high pressure 
membrane ,— high pressure 
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VIEW A 

active valves 

-4" low pressure 
chamber 

gas chamber 
for volume compensation 
—^ 

Figure 1.6  Prototype microsystem design 

The mechanism is comprised of three piezoelectric elements, each sandwiched between a 

fixed plate and a flat cylinder. The central piezoelectric element is the actuator for the 

pump, while the flanking elements serve to actuate the valves. Flexible diaphragms extend 

radially from the outer diameters of the cylinders to the chamber walls, encasing the ele- 

ments in sealed chambers. The cylinders are significantly thicker than the diaphragms in 

order to be rigid; the structures, then, constitute effective pistons when charge is applied to 

the piezoelectric elements. For compactness, the structure consisting of the central piezo- 
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electric element and piston will hereafter be referred to as the drive, regardless of its role 

in either the actuation or power harvesting scenarios. Fluid travels between the LPR and 

the connected valve via a cylindrical vertical channel located in the center of the mecha- 

nism (not visible in the cutaway view), while three other channels exist to connect the 

valves, pump, and HPR. 

Two valves are used in the system to rectify the pump reciprocations. A detailed discus- 

sion of the valve design is presented in Chapter 2. In addition to the piston diaphragm, a 

second valve diaphragm is situated above and encloses a hydraulic amplification chamber. 

A rigid valve cap is situated above this diaphragm and is the component responsible for 

flow obstruction. 

Principle of Operation 

Actuator 

The system functions as an actuator when the valve drive signals are synchronized with 

the input pump signal such that each valve is open when the pressure difference across it is 

positive (sign convention for the pressure difference is chosen to be positive when the 

upstream pressure is greater than the downstream) and flow is in the direction shown in 

Figure 1.3. A single pump cycle is described below for different times, t, during the cycle 

period, T. The corresponding pump and valve drive signals are shown in Figure 1.7. The 

initial conditions for the cycle are: inlet valve closed, outlet valve open, no pump deflec- 

tion. 

Actuator pump cycle: 

t = 0 : pump is extending, fluid flowing out of chamber to HPR 

t = T/4-T : outlet valve closes 

t = T/4 : pump begins to retract 

t = T/4 + X : inlet valve opens, fluid flows into chamber from LPR 

t = 3*T/4 - X : inlet valve closes 

t = 3*T/4 : pump begins to extend 

t = 3*T/4 -I- X : outlet valve opens, fluid flows out of chamber to HPR 
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Figure 1.7   System timing. The pump drive signal may be any periodic 
function (sinusoidal shown for simplicity). 

The parameter T denotes a time delay in the valve actuation, with respect to the pump sig- 

nal, and is related to the valve duty cycle, dc, by 

= <l-f) (1.3) 

A duty cycle less than 50% ensures that, for sufficiently fast valve response times, at least 

one valve will always be closed and a pressure short from the HPR to the LPR will not 

occur. The valve phase, (j), indicates the timing between the valve signals and the pump; 

the valves are always 180° out of phase with each other. 

Figure 1.8 illustrates the valve cap in the open and closed states. When no electric field is 

applied to the valve actuator the cap is in the rest (open) position, allowing fluid to flow 

between pump chamber and the adjoining reservoir. Application of an electric field paral- 

lel to the piezoelectric's poling vector forces the piston upward, pressurizing the hydraulic 
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chamber and forcing the cap up, where contact with the valve seat blocks the flow. It is 

also possible for the valve to be forced open by applying an oppositely polarized electric 

field, thereby pulling the valve cap downward and creating a larger area for fluid flow. Due 

to the capacitive nature of the piezoelectric no power is drawn when the valve is stationary. 

Energy is therefore only consumed during valve excursion when work must be performed 

to overcome the resistance of the fluid on the cap face. 

When the system components are driven in the manner described fluid is pumped from the 

LPR to the HPR where the hydraulic energy is either utilized or stored. The maximum 

pumping frequency is limited by the resonances of the pump and valves, whichever is 

lower. It will be demonstrated that, for small scale systems, there is significant dynamic 

coupling between the fluid and the structure, and the nature of the system's operation 

depends on several factors including the shape and frequency of the drive signal and the 

phasing of the valves. 

The operation of the actuator consists of two phases: extension and retraction. During 

extension, the pump operates as described above and fluid is pumped from the LPR to the 

HPR, expanding the HPR diaphragm and performing work on the load. Similarly, the 
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retraction of the actuator in the second phase occurs when the pump is driven in the oppo- 

site direction, by changing the phase of the valves, returning fluid to the LPR and recy- 

cling the actuator. If actuation is required in one direction only, and the load is primarily 

elastic, then the energy stored in the load may be partially recovered during the actuator- 

return phase by operating the system as a power harvester (described below), where the 

percentage of the expended energy that may be recovered depends on the efficiency of the 

mechanism. 

Power Harvester 

The system functions as a power harvester when the HPR is maintained at some elevated 

pressure (relative to the LPR) and the valves are toggled out of phase with one another, as 

shown in Figure 1.7. Instead of a drive signal being applied to the pump, a periodic volt- 

age across the piezoelectric is induced by the impinging pressure pulses. A typical power 

harvester cycle is described below: 

Power harvester pump cycle: 

t = 0 : fluid flowing into chamber from HPR, compressing pump 

t = T/4 - X : outlet valve closes 

t = T/4 + T : inlet valve opens, fluid flows out of chamber to LPR, 

pump expands under decreasing pressure 

t = 3*T/4-T      : inlet valve closes 

t = 3*T/4 + T     : outlet valve opens, fluid flows into chamber from HPR, 

compressing pump 

If the valves are actuated at the resonance of the system a roughly sinusoidal pump dis- 

placement will be excited. 

The manner in which the mechanical energy imparted to the piezoelectric is extracted 

depends on the harvesting circuitry used. For example, simple shunting of the element 

with a resistor will dissipate heat as current oscillates through it, creating a mechanical to 

thermal conversion. In most applications, though, it is advantageous to store the energy as 

an electrical potential in a battery where it can be accessed when needed. In this case, the 
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attached circuitry typically consists of a diode bridge, or equivalent, that rectifies the elec- 

trical power flow and charges the battery. 

If the high pressure source is purely static (infinite energy potential), then the energy 

extraction process is continuous. But in the more practical case of a pseudostatic pressure 

source that oscillates between its high and low values at a frequency much smaller than the 

power harvester pump frequency, the energy extraction process is divided into two phases: 

harvesting and recycling. Although the time history of the pressure source may be any 

periodic function, in many applications (e.g. the heel strike harvester) it will toggle 

between high and low pressure. For example, consider a power harvester submerged in a 

pressurized medium that changes in this way. In the harvesting phase, the pressure of the 

medium is high and compresses the HPR diaphragm, raising the pressure inside it. Since 

Phpr>Pipr^ fl"Jd flows from the higher potential to the lower one and the mechanism 

functions as described above to extract energy. During this phase, the volumes of the HPR 

and LPR change accordingly. The gas chamber allows the LPR diaphragm to expand with 

a minimal increase in its internal pressure. The design of the power harvester should be 

such that the time required to evacuate the HPR coincides with the duration of the high 

pressure state of the medium (one half of the period of the medium's pressure cycle). After 

the HPR has been evacuated the pressure of the medium toggles to its low state and works 

to expand the HPR diaphragm, causing the pressure inside it to fall below the pressure of 

the LPR. Energy is now further extracted as the fluid flows in the reverse direction from 

the LPR (now the higher potential) to the HPR. The system cycle is complete at the end of 

this phase. 

1.4.5 Miniaturization Concept 

Motivation 

The performance of the MHST is enhanced when the system is miniaturized. The scale on 

which the system is fabricated greatly affects its behavior, and several crucial benefits are 

realized when the overall size is reduced, most importantly, increased power density. To 
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determine the relation between power density and system scale, we first note in equations 

(1.1) and (1.2) that a/,, Ep and p are intensive properties, which is to say that they are scale 

invariant. For the purpose of assessing the PD capability of an actuator, frequency may be 

taken to be the maximum bandwidth of the device. Considering the simplified case of a 

single degree-of-freedom (DOF) mechanism, the natural frequency is given by 

where m and k are the mass and stiffness, respectively. Because inertia scales with compo- 

nent volume and pressure scales with component area, the resonance is inversely propor- 

tional to scale. For instance, in the case of a clamped-free rod vibrating along its 

longitudinal axis, the mass and stiffness are given by 

m = ipA/ ^ = ^ (1.5) 

where E is the elastic modulus of the rod material, A is the cross-sectional area of the rod, 

and / is the length. Defining the scale factor, X, as the ratio of the new scaled dimensions 

divided by the nominal, the dependence of the component's mass and stiffness on its scale 

is 

m~X^ k~X (1.6) 

The natural frequency of a mechanical component is then related to its size by 

/   = i- S=»  l\ = 'X-^ (1.7) 

And the relation between power density and scale becomes 

PD-X-^ (1.8) 
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suggesting that the power density of an electromechanical transducer is increased when it 

is miniaturized. Although the mass and stiffness equations presented above are for a spe- 

cific example, the relation to X is general [Burgess et al., 1997]. 

General Scaling Effects 

Structural mass and elasticity, however, are not the only properties of the MHST that 

change with scale. It is therefore necessary to consider the general effects of miniaturiza- 

tion on mechanical devices. Table 1.5 shows the scaling laws for some important aspects 

of fluid and mechanical behavior. The power of the scale factor, n, indicates the strength of 

the dependence on scale; a positive power means that the quantity will be less as the sys- 

tem scale is decreased. The ramifications of some these effects on MHST systems are 

briefly discussed below. For a more detailed discussion of scaling effects on mechanical 

and fluid behavior the reader is referred to [Burgess et al., 1997]; for the effects of scaling 

on electromagnetic actuation, see [Trimmer and Jebens, 1989]. 

Friction 

The effects of miniaturization on friction forces is difficult to quantify because the nature 

of the force may change through the scale reduction. For example, consider a mass sliding 

along a plane and experiencing Coulomb friction. The acceleration experienced by this 

mass is independent of scale, suggesting that friction is effectively scale-invariant. How- 

ever, friction forces on the microscale are not governed by the same equations that 

describe the macro phenomenon. Contacting surface area, which makes no contribution to 

macro friction forces, has been found to greatly affect MEMS mechanisms [Tai and 

Muller, 1989]. For this reason, micromachines with rigid body motions must, is most 

cases, have little or no sliding contact to be efficient. The scientific nature of these surface 

forces is largely unknown and no analytical expression for them exists [Ho and Tai, 1996]. 

Additional friction effects must also be considered, such as atomic friction: the contact 

forces caused by the surface adhesive force of liquids. For example, the condensation of 

water molecules on micromachined surfaces gives rise to capillary effects. These atomic 
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TABLE 1.5     Effect of scale on mechanical behavior^ (taken partially from [Burgess et al., 1997] and 
[Trimmer and Jebens, 1989]). 

Application Property Equation 
Scale 
relation n 

u 
g 

Mass-spring system Frequency /ccX" -1 

e o s 
1 

Sliding mass 
(gravitational force) 

Coulomb friction / 
inertia 

F _ '"Sli/ 
m         m 

F/m cc X" 0 

Atomic friction / 
inertia 

F _ C 
m     m 

F/m oc X 
-3 

§ 
•■a 

Pressure 
(piston) 

Force / inertia F _ pA 
m       m 

F/m o= X -1 

Magnetic Force / inertia 
(constant J) 

F _ ilxB 
m        m 

F/mocX" 

-3 

Force / inertia 
(constant heat flow) 

Force / inertia 
(constant temp, rise) 

Electrostatic Force / inertia 
(constant £) 

Force / inertia 
(constant V^) 

u 

1 •s 
s 
'3 

Fluid propulsion Reynolds number 
Re = P'" ReocX" 

const.'' 
u 

scaled'^ 
u 

1 

-2 

1 

-1 

n/a 

1 

1 

2 

-1 

0 

Fluid propulsion 
(Stokes' law) 

Viscous drag / 
inertia 

D _ CulVi 
m        m 

D/m oc X" 

Fluid propulsion Inertial drag / 
inertia 

D   pAcy 
m          2m 

D/m o= X" 

Pipe flow 
(Hagen-Poiseuille law) 

Viscous pressure 
drop 

A        32H/M Ap'< X" 

Pipe flow 
(Inertial) 

Inertia] pressure 
drop 

Ap = plii Apoc A," 

A = area; B = magnetic field; c = speed of light; C = constant; Cj = drag coefficient; d = diameter; D = drag; E = electric field;/ 
= frequency; F= force; g = gravitational acceleration; i = current; /= mass moment of inertia; J = currrent density; k = stiffness; 
/ = length; m = mass; p = pressure; q = charge; r = radius; / = time; T = torque; u = flow velocity; v = velocity; V^ = electrical 
potential; x = distance between electrodes; t„ = dielectric constant; X = scale factor; \i = viscosity; ]if= friction coefficient; fig = 
permittivity of free space; p = density 
Constant flow velocity throughout scaling 
Indicates the dependence of the quantities on scale for a reciprocating pump where the pumping frequency scales according to 
the relation in the first row 
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forces remain constant at 10"^-10"^ N, meaning that, on some scales, they may dominate 

other forces. As a result, the lubrication of sliding parts in micromechanisms may, in fact, 

increase factional forces rather than reduce them [Burgess et al., 1997]. 

For these reasons, (1) contact area dependency and (2) atomic forces, the MHST design 

has no sliding surfaces. Rather, elastic deformation has been used to effect mechanical 

motion within the mechanism. 

Actuation 

The MHST uses pistons to force fluid flow. The pressures that are generated by these com- 

ponents are scale invariant, such that a micropump is capable of generating the same pres- 

sures as a macropump. Since the areas on which the pressures act scale with X^, so do the 

resulting forces. If the focus of the consideration, however, is on how well the force is able 

to move a mass some given distance, which is to say the achievable acceleration, then the 

quantity scales with X"'. The conclusion is that smaller pistons are capable of moving pro- 

portional loads at faster speeds. 

Fluid Mechanics 

Fluid behavior depends strongly on system scale. Because MEMS structures have very 

small dimensions, the Reynolds numbers for microflows are normally very low. For exam- 

ple, water flowing through a 1 mm diameter channel at 1 mm/s has a Reynolds number of 

approximately 1. At this level, the flow is laminar and is governed by the Hagen-Poiseuille 

law, and Stokes' law is applicable for calculating the drag force on objects in the flow 

stream (Table 1.5). Scale reduction leads to an increase in the viscous friction forces act- 

ing on the fluid, resulting in higher pressure drops across flow channels. For this reason, 

pumping in micropipes is often very difficult [Burgess et al., 1997]. 

MHST systems, however, are designed to operate at very high frequencies (with corre- 

spondingly high flow velocities) and may not conform to these generalizations. Certain 

designs could have Reynolds numbers high enough that inertial effects dominate. Simi- 
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larly, high frequency flow transients can lead to pressure differences across flow channels 

that are dominated by the inertia of the fluid slug rather than its viscosity. 

Implications on Design 

The effects of miniaturization suggest several things about MHST design and behavior. 

First, the nature of friction in micromechanisms precludes the use of sliding parts. Second, 

the maximum pump pressure is a property of the design and not its scale. Finally, the 

effects of scale reduction on fluid behavior suggest the existence of an optimal system 

scale for the mechanism. As will be shown in subsequent sections, the increased viscous 

effects encountered when the MHST is miniaturized past this size offset the power density 

increase, and overall performance becomes scale invariant. Consideration of the increased 

difficulties of fabrication at increasingly smaller scales suggests that the optimal scale is 

that at which the performance enhancement resulting from miniaturization begins to roll 

off. 
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Chapter 2 

CONCEPTUAL DESIGN AND 
MANUFACTURING ISSUES 

2.1 Introduction 

The goal of the design process was to create a single transducer that could function as 

either an actuator or a power harvester, depending on the manner in which it was operated. 

Although the nature of the problem permits this without difficulty, the retainment of dual 

functionality in the discussion is somewhat clumsy (e.g. a reference to the inlet valve is 

unclear due to ambiguity in the flow direction). Therefore, this thesis describes the design 

of a MHST in the context of a structural actuator, with the exception of the circuitry dis- 

cussions. 

This chapter deals with the geometry and materials selection for the prototype actuator, 

and the rationale behind it. A discussion of design optimization is deferred until compo- 

nent models and parameters have been presented (Chapter 3). The objectives of this chap- 

ter are: 

• Presentation of the strategy used in the design process 

• Statement of the goals and constraints as design drivers 

• Introduction of the system components and explanation of their function and 
geometries 

• Discussion of materials selection 

• Discussion of system electronics 

49 
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•   Discussion of manufacturability based on experience gained from fabrica- 
tion of prototype drive element 

The MHST design was created for the purposes of testing and model correlation as well as 

eventual implementation. Although the optimal size for the system was unknown when 

design work began, intuition and behavior estimates suggested dimensions on the order of 

microns. However, a necessary first step toward implementation on this scale is the fabri- 

cation of a larger, mesoscale, prototype with the following objectives: 

1. Demonstration of the use of micromachining techniques to fabricate a 
MHST system 

2. Validation of the analytical model 

3. Investigation of microfabrication issues such as insertion of the piezoelectric 
element, fluid encapsulation, and multilayer bonding 

4. Demonstration of concept feasibility through integrated system operation 
and testing 

Requirements (1) and (2) suggest the size of the prototype system. Since conventional 

micromachining techniques were to be used an upper bound was set on the scale because 

the total system diameter must be less than the diameter of a standard Si wafer (4 in). Sim- 

ilarly, to obtain the experimental data necessary for model correlation the prototype must 

be large enough to permit instrumentation using conventional macro sensors, leading to a 

corresponding lower bound on system size. It was determined that a system approximately 

1 cm in diameter would meet these requirements. To use micromachining techniques the 

geometry of the prototype was made essentially planar and as simple as possible. The use 

of wafers with "standard" (-500 ^im) thicknesses for most layers of the prototype reduced 

the cost and time of fabrication (such wafers are commonly kept in stock by vendors) and 

simplified the design. Although a mesoscale device is described, the above constraints per- 

mit the translation to the microscale with few design changes. 
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2.2 Procedure 

2.2.1 Strategy 

The design strategy adopted in this work consisted of six tasks: 

1. Definition of performance metrics, system level requirements, and design 
drivers (Chapter 2) 

2. Concept generation and selection (Chapter 2) 

3. Derivation of a canonical analytical model (Chapter 3) 

4. Development of a prototype design (Chapters 2 and 4) 

5. Parameter studies (Chapter 5) 

6. Final design identification (Chapter 5) 

The definition of suitable performance metrics, both for the integrated system and for each 

of its constituent components, suggested device concepts and provided the framework for 

physical implementation. Most metrics were based on energy and efficiency principles, 

enabling their application to different MHST designs. In the concept generation and selec- 

tion phase, various ideas were considered that met the criteria previously outlined. Evalua- 

tions of these concepts was based on manufacturability (with particular attention to 

microfabrication) and overall versatility (e.g. passive valve pumps are inherently simpler 

than active valve mechanisms, but have limited functionality). Subsequent to concept 

selection, work began on the identification of the generalized fluidic elements required to 

realize the full system, the nature of their governing equations, and the significant design 

variables. These canonical components, although simple, captured all aspects of mechani- 

cal behavior believed to impact MHST performance (based on information found in the 

relevant literature) and were adaptable to various designs. Using the knowledge gained 

from the canonical components, prototype designs were created. These were developed by 

first applying the general model to the subject design, then numerically simulating the sys- 

tem's behavior. Following convergence of the designs on definite trends, a baseline design 

was established that demonstrated the potential for good performance. Parameter studies 

were then performed as perturbations of these designs, and data was collected that 
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reflected the impact of these variations on system performance. The results of the study 

led to a final design which may be said to represent, to some degree, the actuator perfor- 

mance levels attainable with this concept. Figure 2.1 summarizes the design procedure. 

2.2.2 Design Drivers 

The components of the system were designed to maximize deliverable power density and 

efficiency, subject to the material and geometric constraints of microfabrication technol- 

ogy. To facilitate the investigation of system behavior, the extent to which the components 

could be analytically modeled and characterized was an additional consideration. Further- 

more, a core design was sought that could provide both actuator and power harvester func- 

tionality. An explicit list of the design drivers appears below: 

Deliverable power density 

• maximum component bandwidths 

• maximum pressure 

• minimal chamber compliance 

• minimal fluid compressibility 

• minimal system mass 

Energy loss 

• no sliding seals 

• low fluid viscosity 

• low flow resistances 

• minimal backflow 

• minimal valve leakage 

• energy recovering drive circuitry 

Microfabrication 

• planar geometry constraints 

• materials constraints 



Procedure 53 

Definition of performance metrics 

Concept generation 

Intuition and 
manufacturing 
issues 

Derivation of canonical model 

Prototype design 

Component parameters 

Application of model to design 
i 

FEM component analysis 

x 
Integrated system model 

Numerical simulation 

£ 
study behavior 

Identify baseline design 

PH design 

Parameter studies 

Final designs 

) 

Definition of 
performance metrics 

Concept generation 
and selection 

Derivation of canonical 
analytical model 

Development of a 
prototype design 

Parameter studies 

Final design 
identification 

Figure 2.1   MHST design process 
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Prototype Issues 

• common geometries among components where feasible 

• size small enough to use micromachining methods 

• size large enough to permit conventional instrumentation 

The design chosen consists of a drive mechanism and chamber, two active valves, a low 

pressure reservoir (LPR), gas chamber, and elastic actuator. The valves and drive share a 

common axisymmetric geometry The area of the drive piston is larger than that of the 

piezoelectric element's cross-section and, when strain is induced in the element, amplifies 

its volume displacement. 

2.3 Components 

2.3.1 Displacement Amplifier 

Function 

The purpose of the displacement amplifier is to facilitate an impedance match between the 

piezoelectric element and the load (HPR). The output power of the actuator is a product of 

the fluid flow rate into the HPR and the HPR pressure. The pressures seen by the HPR 

range from zero to the blocked pressure of the piezoelectric. Operation of the actuator with 

the HPR at either extremum pressure results in zero power output. For example, if the 

HPR pressure is zero, then the product of pressure and flow will be zero. Likewise, if the 

HPR pressure is equal to the blocked (maximum) pressure of the pump, then there will be 

no flow and the product is again zero. In most cases, the piezoelectric will be far stiffer 

than the load, and would, if no piston were present, be capable of high hydrostatic pres- 

sures but small fluid flow. The function of the piston is to make the actuator more compli- 

ant (as seen by the HPR) and improve the energy transfer rate. In the power harvester, the 

piston acts to amplify the stress levels in the piezoelectric thereby increasing the charge 

and hence the electrical power generated. In a similar manner, the purpose of the valve pis- 
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ton is to facilitate an impedance match between the valve actuator and the valve stracture 

(further discussed in Chapter 4). 

Geometry 

The valves and the drive both utilize a displacement amplifying piston and share a com- 

mon axisymmetric geometry, shown in Figure 2.2, wherein a cylindrical piezoelectric ele- 

ment is situated between a fixed base plate and a flat, relatively rigid cylmder. A flexible 

diaphragm extends radially from the outer diameter of the cylinder to the chamber wall, 

encasing the element in a sealed chamber. The cylinder is rigid compared to the diaphragm 

and, when strain is induced in the piezoelectric, constitutes an effective reciprocating pis- 

ton. 

"e 

Direction of 
motion Piston (Si) 

Pump 
diapliragm (Si) 

Spacer 
(Pyrex) 

Bottom plate 
(Si) 

Piezoelectric 

Figure 2.2  Displacement amplifier (prototype materials; axisymmetric) 

Ideally, the piston cylinder would be perfectly rigid, thin (to reduce mass and increase nat- 

ural frequency), and the diameter would be large enough that a perfect impedance match 

between the piezoelectric and the load could be obtained. In practice, however, the geome- 

try is constrained. A thin flexible piston would contribute to the chamber elasticity and 

reduce the performance of the system by limiting the maximum pump pressures. Like- 

wise, if the ratio of diameter to thickness was too large, the piston would no longer operate 

as a rigid body because the first radial vibration mode of the cylinder would be excited and 
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the pump diaphragm, which is tethered at the maximum deflection point of the piston, 

could fracture. 

Electrical contact between the piezoelectric and the external power source (or sink, in the 

power harvester case) is established either through electrodes mounted to the interior sur- 

faces of the base plate and cylinder, or by these components themselves if they are con- 

ductive. In either case, the spacer must be an insulator. 

If separate electrodes are used, the diaphragm is joined to the piston at the cylinder's lower 

surface, as shown in Figure 2.2, to provide a flat pathway for the upper electrode. 

Although this creates an annular space above the diaphragm which traps fluid, thereby 

increasing chamber compliance, inversion of the piston, such that the diaphragm is teth- 

ered at the top surface, would force the electrode to travel into and across the annular ring, 

making it susceptible to cracking at the comers during actuation. If no separate electrodes 

are used, the geometry may be inverted. 

The cavity containing the piezoelectric serves no useful function but must be carefully 

analyzed in the design. To prevent the accumulation of pressure in the cavity as the piston 

moves it is filled with a compressible gas. Actuation of the element requires the applica- 

tion of a high electric field across it (approximately 1 kV/mm) and, in cases where the 

electrodes are exposed in the cavity, introduces the risk of dielectric breakdown of the 

enclosed medium. To prevent this, an inert gas such as argon can be chosen to withstand 

the expected electric fields. Manufacturing issues must also be considered. For instance, 

the elevated temperatures required for the anodic bonds will expand the gas in the cavity, 

leading to pressures that could force the wafers apart and compromise the bond. 

2.3.2 Drive Mechanism 

Function 

The drive mechanism is the primary transduction mechanism in MHST systems. In the 

actuator, the drive converts the electrical energy supplied to the piezoelectric into mechan- 
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ical (hydraulic) energy by moving fluid from a low to a high pressure potential. In the 

power harvester, the opposite result is achieved as mechanical energy is converted to elec- 

trical. 

Geometry 

The drive consists of a piezoelectric drive piston assembly adjoining a fluid chamber. Inlet 

and outlet ports permit flow into and out of the chamber when the drive is actuated. The 

solid structure extending downward from the ceiling of the chamber exists to reduce the 

volume of fluid in the chamber, increasing the stiffness of the system. The walls of the 

chamber are relatively thick to reduce the compliance of the chamber structure. The total 

compliance of the chamber is a function of the chamber structure and the fluid inside it. 

Inlet port 
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Figure 2.3  Pump diagram (prototype materials) 

2.3.3 Valves 

Function 

In the actuator, the purpose of the valves is to rectify the reciprocations of the drive into 

unidirectional fluid flow. In the power harvester, the valves exist to transform a static pres- 
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sure source into high frequency pressure pulses on the drive. The design of the valve for 

both applications is identical. 

Geometry 

The active valve design is shown in Figure 2.4. In addition to the drive piston, a second 

diaphragm is situated above and encloses a hydraulic amplification chamber containing an 

incompressible fluid. The valve cap and diaphragm are located away from the axis of sym- 

metry of the hydraulic amplifier at a point where the valve diaphragm is tangential to the 

hydraulic chamber. This is done to minimize the length of the flow channel connecting the 

valve to the drive so as to reduce inertial and viscous pressure drops. A rigid valve cap 

exists on top of the valve membrane and contacts the valve seat during actuation, thereby 

sealing the fluid pathway. The diameter of the valve diaphragm is significantly smaller 

than the piston diameter so that the vertical strain of the piezoelectric element is amplified 

and the valve has a longer stroke. 
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Figure 2.4  Valve diagram (prototype materials) 

Actuation of the element forces the piston upwards, pressurizing the fluid in the hydraulic 

chamber and deforming the valve diaphragm outward. The clamped boundary conditions 

of the valve diaphragm enforces a cubic deflection which displaces less volume than a 
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rigid piston, leading to a displacement amplification that is greater than the ratio of the 

valve to piston diaphragm areas. The fluid encapsulated within the chamber exists solely 

to transmit pressure from the piston to the valve diaphragm; no flow across chamber 

boundaries occurs during operation. 

The fundamental challenge faced in the design of the valve is the need to make a structure 

that is extremely stiff yet flexible enough to allow large deflections. A stiff structure is 

needed to prevent energy losses in the chamber compliance and to provide the required 

bandwidth. The key to effective system performance, however, hes in the ability to design 

a valve with a large stroke, which requires a very compHant diaphragm. A successful 

design balances these factors. 

Preliminary valve designs incorporated a simple, flat valve cap located on the upper sur- 

face of the valve diaphragm, shown in Figure 2.5(a). Although this feature adds manufac- 

turing steps to the implementation of the design, inclusion of the geometry is necessary to 

ensure that a flat sealing surface is brought into contact with the valve seat during actua- 

tion. 

Initial computer simulations of the system indicated that the valve performance was sensi- 

tive to the design of the cap structure. During quasistatic operation of the pump using the 

design shown in Figure 2.5(a), the high chamber pressures generated during the pump 

mode (ref. Figure 1.7) acted on the inlet valve diaphragm and forced it open. Since the 

drive and valve share a common design, they are capable of similar pressures, and a situa- 

tion arises where the valve authority is never enough to overpower the drive pressures. To 

overcome this problem a pressure assisted design, shown in Figure 2.5(b), was introduced 

to the inlet valve (the outlet valve remained unchanged) wherein a disc was added on top 

of the cap. The lower surface of the disc provides an additional surface on which the 

chamber pressure can act when the valve is closed. The pressure acting on the diaphragm 

creates a force that is partially transmitted to the valve cap, and partially to the remaining 

valve structure at the tether points of the diaphragm. The lower surface area of the disc is 
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assisted balanced 

Figure 2.5   Valve cap designs 

equal to that of the exposed diaphragm, yet all of the force on it is transmitted to the cap. 

The result is that when the chamber pressure is high, the inlet valve is forced closed. Like- 

wise, the low pressures generated during the supply mode pull the valve open. The 

absence of the disc on the outlet valve causes the opposite to happen - valve closure during 

the supply mode, valve opening during the pump mode. In this manner a system can be 

created that guarantees proper valve functioning during quasistatic operation. 

Simulations of the pressure assisted design showed, however, that problems were caused 

by the interaction of the fluid with the cap when the system was operated at resonance and 

the valve reaction time was fast compared to the system dynamics. When the valves were 

forced shut, fluid flow through the valve was abruptly stopped. Although the volume of 

fluid contained within the flow channel at this time was small, the slug was moving with a 

high velocity and possessed much kinetic energy. The sudden velocity change converted 

the fluid inertia into a high pressure at the valve site which acted to open the valve. For 

example, at the completion of the pump mode, the outlet valve, which was open during flie 

mode, was actuated and forced closed. The fast moving fluid then impinged against the 

valve cap, causing a high pressure spike. Since the outlet valve was designed to open dur- 

ing high pressure, the spike popped the valve open, allowing backflow. A similar effect 

was observed on the inlet valve, where closure caused a low pressure spike that acted to 

pop the valve open. Although the pressure spikes caused the valves to open for only a brief 

moment, the deterioration in system performance was large enough to warrant a new 

design. 

The solution reached was a pressure balanced valve design, conceptually similar to that 

used by Huff et al., 1993, wherein a disc was also added to the outlet valve. The size of the 
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discs, however, was different from that used in the pressure assisted method. Recognizing 

that a structure that biased the valve to the proper state in both quasistatic and dynamic 

operation was not feasible, a design was sought that would completely eliminate both 

effects. Figure 2.5(c) shows the pressure balanced design that was chosen for the proto- 

type design. A detail of the geometry appears in Figure 2.6. Here A^^ is the additional sur- 

face area created by the inclusion of the valve disc, and A^g is the effective area of the 

valve diaphragm that relates the ambient pressure, p, to the force seen by the valve cap. 

The condition for pressure balancing of the valve can be expressed by 

where A^avas^ be determine through finite element analysis of the valve structure. When 

this condition is met, the forces generated by the ambient pressure acting on either surface 

are balanced and the valve dynamics become decoupled from the drive and inertial pres- 

sures when the valve is closed. Pressure balancing also simplifies the analysis and design 

of the remaining valve structure since, in many cases, only the upstream (in the case of the 

inlet valve) or the downstream (in the case of the outlet valve) pressures must be consid- 

ered when computing the valve authority required to hold the valve closed. 
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Figure 2.6   Pressure balanced valve design 

2.3.4 Reservoirs and Gas Chamber 

The purpose of the LPR and gas chamber is to house the working fluid for the system 

while maintaining the reservoir at a low pressure during fluid transfer either into or out of 

the chamber. The LPR is located beneath the pump and is comprised of a cylindrical 



62 CONCEPTUAL DESIGN AND MANUFACTURING ISSUES 

chamber with a rigid wall and ceiling. The floor of the chamber is a thin flexible dia- 

phragm adjoining a chamber containing a compressible gas which exists to compensate 

for volume changes. When the fluid is pumped out of the LPR the volume of the reservoir 

is decreased, causing the membrane to flex upwards, thereby avoiding the accumulation of 

significant back pressures. Because the volume of gas is relatively large compared to the 

expected LPR volume change, the developed back pressures are negligible. 

The function of the HPR depends on the application of the device. In some cases the HPR 

diaphragm is the actuation mechanism, performing useful work on a load as it expands 

outward. In other cases, the HPR acts to accumulate energy by storing the fluidic power 

generated by the pump as elastic strain energy in the diaphragm, until the energy is 

required by an external actuator (e.g. a hydraulic piston). In the power harvester applica- 

tion, the external pressure source acts on the diaphragm and increases the internal pres- 

sure. The HPR is located above the drive and valve structures and is comprised of a 

cylindrical chamber with a rigid wall and floor, and a flexible diaphragm ceiling. 

2.3.5 Flow Channels 

The purpose of the flow channels is to permit fluid flow from one component to another. 

Four channels exist in the design: (1) LPR to inlet valve, (2) inlet valve to drive, (3) drive 

to outlet valve, and (4) outlet valve to HPR. As will be shown in Chapter 4, to reduce vis- 

cous and inertial losses the flow channels should be as short as possible and have large 

cross-sectional areas. Observing the mechanism from the top (see Figure 1.6), the drive 

and the valves are arranged in a triangular fashion to minimize the lengths of the channels 

joining them. Channel 1 rises vertically through the center of the mechanism (it is not vis- 

ible in the cutaway view) from the LPR, then runs radially where it connects with the inlet 

valve. Channels 2 and 3 extend horizontally from the drive to the valves. Channel 4 travels 

vertically from the outlet valve to the HPR. The vertical channel sections are cylindrical 

because they are etched directly into the silicon. The horizontal sections are rectangular 
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because they are created by etching a rectangular feature into the lower wafer, then bond- 

ing the upper wafer to it, sealing the flow channel. 

2.4 Materials 

The primary constraint from materials on the design of micromechanisms is the small 

number and variety of materials available [Burgess et al., 1997]. Some of them, however, 

possess outstanding mechanical properties. The engineering properties of some common 

micromechanical materials are shown in Table 2.1, taken partially from Burgess et al., 

1997. Here it can be seen that silicon (Si), the most common MEMS material, has a yield 

TABLE 2.1   Engineering properties of common micromechanical materials^ (stainless steel and aluminum 
are included for comparison). 

Material 
Density 
(kg/m3) 

Young's 
modulus 

(GPa) 
Poisson's 

ratio 

Yield 
strength 

(GPa) 
Toughness 
(MNW^) 

Thermal 
expansion 
(10-VC) 

Single crystal silicon (Si) 2300 [2] 196 [1] 0.250 [8] 7 [3] 1-2 [4] 0.233 [3] 

Single crystal silicon 
carbide (SiC) 

3200 [3] 700 [3] 0.192 [6] 21 [3] 4.8-6.1 [4] 0.33 [3] 

Pyrex 2520 [7] 70 [7] 0.200 [7] 0.069 [7] 0.75 [8] 0.46 [7] 

Diamond 
(crystalline ceramic) 

3500 [5] 1000 [2] 0.100 [9] 50 [2] 2.3-3.4 [4] 1[5] 

Stainless Steel 
(polycrystalline metal) 

7900 [2] 200 [5] 0.305 [5] 2.1 [3] 40 [10] 17.3 [5] 

Aluminum 2700 [2] 70 [5] 0.330 [5] 0.17 [5] 100-350 [4] 25 [5] 

a. [1] Sze, 1988; [2] Gardner, 1994; [3] Peterson, 1982; [4] Ashby, 1992; [5] Avallone and Baumeister, 
1987; [6] Lide, 1995; [7] Schneider, 1992; [8] Bloor et al., 1994; [9] Kelly, 1973; [10] Bryzek et d., 
1994. 

strength more than twice that of stainless steel. The elastic modulus of Si is roughly the 

same as steel's, but at one-third the density. Its excellent mechanical properties, combined 

with its well studied and documented use in the field of integrated circuit fabrication, 

makes it extremely popular in MEMS applications [Mehregany and Huff, 1995]. The 

emergence of silicon carbide (SiC), an even stiffer and stronger material, in micromachin- 

ing has also introduced new possibilities in MEMS design. Its strong covalent bonds leads 
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to an elastic modulus much higher than that of Si. And while silicon's elastic modulus 

decreases at elevated temperatures (above ~600°C) SiC retains its mechanical characteris- 

tics well above 1000°C. Also included in the table are the properties of diamond, a mate- 

rial whose application to MEMS is currently under development [Burgess et al., 1997]. 

Piezoelectric 

The performance of recently developed single crystal piezoelectrics makes them the clear 

choice for use as the transduction elements in the MHST design. Table 2.2 compares TRS- 

A, a commercially available single crystal piezoelectric, with PZT-5H, a common poly- 

crystalline ceramic. It can be seen that the d constants are approximately four times greater 

for TRS-A than for PZT-5H, indicating a roughly equal increase in performance. It is 

expected that the ongoing research will soon yield single crystals capable of ten times the 

performance. For the purpose of system simulation in this work, the properties of TRS-A 

were used to model the piezoelectric and provide conservative estimates of system perfor- 

mance. 

TABLE 2.2   Comparison of polycrystalline and single crystal piezoelectrics 

Piezoelectric 
Density 
(kg/m3) 

d33 
(pC/N) 

d31 
(pC/N) k33 1^31 kt 

TRS-A* 

FZi-5H'' 

8000 

7500 

2200 

593 

-1000 

-274 

0.92 

0.75 

0.56 

-0.39 

0.43 

0.51 

a. TRS Ceramics, Inc., Suite J, 2820 East College Avenue, State College, Pennsylvania 
b. Mattiat, O.E., 1971 

Structure 

Two concepts governed materials selection for the structure: (1) creating fluid chambers 

that were as stiff as possible and (2) diaphragms capable of large deflections. SiC was 

clearly suited for use in the chamber structures of the MEMS device because of its high 

elastic modulus and yield strength. To facilitate fabrication of the mesoscale system. Si 

was selected. The diaphragms required a material that was strong yet capable of large 
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strains, suggesting the use of the ratio of yield strength to elastic modulus as the perfor- 

mance index. Table 2.3 shows this index for the materials mentioned above. It can be seen 

that Si and SiC possess the best properties for diaphragm fabrication (among conventional 

MEMS materials), with Si having a slight advantage. Si was therefore selected for use in 

the device diaphragms. Pyrex wafers were also used in the structure to permit anodic 

bonding of the layers. 

TABLE 2.3  Performance index for diaphragm materials 

Material Strain to yield^ 
Single crystal silicon (Si) 0.036 

Single crystal silicon carbide (SiC) 0.030 

Pyrex 0.001 

Diamond 0.050 
(crystalline ceramic) 

Stainless Steel 0.011 
(polycrystalline metal) 

Aluminum 0.002 

a. Strain to yield = ayE 

Working Fluid 

The working fluid selection was based on finding a substance that had low viscosity (to 

reduce viscous energy losses), high bulk modulus (to reduce elastic energy losses), and 

low density (to reduce inertial pressure drops and overall system mass). The non-com- 

pressibility requirement immediately precluded using a gas as the working fluid. Table 2.4 

compares the mechanical properties of several potential working liquids. 

Water was selected as the working fluid for the initial design because is has favorable 

properties and is the most common liquid used in micropumps. It will be shown in the 

parameter study (Chapter 5) that, with respect to performance, mercury and carbon tetra- 

chloride are also viable liquids. 



66 CONCEPTUAL DESIGN AND MANUFACTURING ISSUES 

TABLE 2.4   Comparison of working liquid properties^ 

Huid 
Density 
(kg/m^) 

Viscosity 
(N/m^-s) 

Bulk 
modulus 
(GPa) 

Sonic 
speed 
(m/s) 

Vapor 
pressure 
(Pa) 

Water 

Mercury 

Carbon tetrachloride 

1000 

13,570 

1590 

l.Oe-3 

1.5e-3 

0.97e-3 

2.24 

25.0 

0.96 

1485 

1450 

939 

2339 

n/a'' 

13,790"= 

a. Avallone and Baumeister, 1987 

b. Mercury has no vapor pressure at room temperature 

c. Yaws, 1994 

2.5 Circuitry 

Power and Control Electronics 

The system control circuitiy is responsible for synchronizing the components and actuat- 

ing them in such a way that the command signals input to the system are obeyed. The spe- 

cific duties of the control electronics are: 

1. Synchronize valve actuation and duty cycle with the pump drive signal 

2. Affect fluid flow direction changes by shifting the valve phasing 

3. Operate drive and valves in power harvesting mode if unidirectional actua- 
tion and energy recovery are required 

Other fiinctionality may be included in the circuitry for specialized applications (e.g. servo 

valve operation for precise control of flows). 

Power Harvesting Electronics 

Energy extraction from the piezoelectric in the power harvester may be accomplished 

using rectified DC voltage source shunting in the manner described by Warkentin and 

Hagood, 1997. In this concept, the piezoelectric element is shunted by a four-diode full- 

wave rectifier which is connected to a rechargeable battery. The circuit is illustrated in 

Figure 2.7. When the piezoelectric element experiences large deformations, the accumu- 

lated charge causes the diodes to becomes forward biased and current flows from the ele- 

ment to the energy storage electronics and the voltage across the element is effectively 
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Figure 2.7  Power harvesting circuit 

clipped at +/- the DC battery voltage. The diode bridge ensures that current always flows 

into the battery. Use of this circuit stores the energy harvested from the piezoelectric as an 

electrical potential across the battery terminals where it can be accessed by external cir- 

cuitry when needed. It is also possible to include an inductor in parallel with the piezoelec- 

tric element to create a resonant circuit tuned to the excitation frequency. 

Circuit Integration 

The circuitry for the prototype design is external to the system to simplify construction 

and testing. Li the ultimate MEMS transducer both the drive and energy harvesting elec- 

tronics can be integrated with the MHST system, using IC fabrication techniques, by pack- 

aging them in the gas chamber adjoining the LPR. The electronics are thus completely 

insulated and shielded from the transducer's environment, and the mechanism becomes 

totally self-contained with the exception of two leads connecting it to the power source/ 

sink. 

2.6 Manufacturability 

Process 

Fabrication of a mesoscale mechanism can be accomplished with conventional microma- 

chining techniques and mechanical assembly. The currently envisioned assembly process 
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is illustrated below for the drive piston. A diagram of the layers comprising the packaged 

device is shown in Figure 2.8. The top layer is a 500 )Xm thick commercially available Sil- 

icon-On-Insulator (SOI) wafer consisting of a thin (~ 300 nm) Si02 insulating layer sand- 

wiched between a thick layer and a thinner 10 ^im layer, both of single crystal Si. The 

cylindrical piezoelectric element has a diameter and length of 1 mm, with 500 nm thick 

chrome/gold electrodes at either end. The Pyrex layer is the same thickness as the active 

element, with a 6 mm hole drilled in it to form the cavity. The bottom layer is a 500 ^im 

thick single crystal Si wafer. Multiple units can be batch fabricated; the mask for etching 

the annular rings in the SOI wafer is shown Figure 2.8. The units are separated by dicing 

the wafer along the horizontal and vertical lines on the mask using a rotating diamond saw. 

Although separation is not necessary it permits individual fabrication and testing and thus 

greater experimental flexibility. 
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Figure 2.8 Mesoscale drive mechanism components. Clockwise from top left: exploded components 
assembled unit, wafer mask. The hole in the Pyrex is 6 mm in diameter. The annular ring in the top wafer 
has 5.7 mm I.D. and 6 mm O.D. 
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The manufacturing steps can best be divided into two stages: fabrication of the piston, and 

assembly of the device components. In the first stage, detailed in Figure 2.9, the top SOI 

wafer is etched to form the piston and diaphragm. Deep Reactive Ion Etching (DREE) is 

used so as to achieve near vertical walls. The Si/Si02 selectivity of the process is 100:1 so 

that the insulating layer forms an effective etch stop. After the material in the annulus has 

been etched away a 10 [im thick diaphragm remains connecting the piston to the outer 

structure. 

Begin: Standard SOI wafer 

Step 1: Spin-coat 1 micron thick 
photoresist layer 

■Lf t t t 11 
step 2: Dark-field mask alignment 

Step 3: Exposure to UV light 

Step 4: Photoresist development 

Step 5: DRIE plasma etch of Si to silicon dioxide 
layer (Si/Si02 Selectivity = 100/1) 

Figure 2.9  Microfabrication sequence for top SOI wafer 

The second assembly stage is illustrated in Figure 2.9. First, the piezoelectric element 

length and the Pyrex layer thickness are measured and compared. Since the allowable mis- 

match is significantly smaller than the manufacturer's tolerances for the components (-10 

^m will fracture the diaphragm), it is necessary to etch a seat for the active element in the 

bottom wafer after precise measurement of the element's thickness. The seat serves the 

dual functions of compensating for dimension mismatches (it is possible to control the 

etch depth to much greater accuracy) and alignment of the element. Since the seat "low- 

ers" the element, the tolerances specified to the manufacturers must ensure that the length 
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of the piezoelectric is nominally greater than the thickness of the Pyrex. The next step is to 

anodically bond the pyrex to the bottom wafer. The piezoelectric is then inserted into the 

seat and captured by the placement of the top SOI wafer. The SOI wafer is then anodically 

bonded to the Pyrex. Next, the temperature is raised to the eutectic temperature of the 

chrome/gold electrodes (~360°C) and the piezoelectric element becomes bonded to the 

top and bottom Si layers. Since the eutectic temperature is greater than the Curie tempera- 

ture of the piezoelectric, depolarization of the active element occurs. Therefore, the final 

step is to repole the element by applying a strong coercive electric field via voltages at the 

top and bottom Si wafers. 

Starting bottom Si wafer (top surface polished) 

B    1^ Step 1: Measure thicknesses of pyrex and piezoelectric 

Step 2: Etch cavity in bottom Si wafer 

jm\    ^    ^^- Y    step 3: Anodically bond pyrex to bottom Si wafer 
IT = 300 0 ] 
[ V ~ 600 Volts ] 

Step 4: Insert piezoelectric into center of chamber 

- V    Step 5: Anodically bond pyrex to top Si wafer 
[T = 300C] 
{V - 600V ] 

Step 6:   Eutectically bond piezoelectric electrodes to Si wafers 
[ T = 420C ] 

Step 7:   Reduce temperature to 80°C; pole piezoelectric at 1000V 

Figure 2.10  Assembly sequence for device components 
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To test the feasibility of this process, prototype pistons were manufactured^ Some were 

examined after a single DRDE etch, while others underwent an additional wet hydrofluoric 

(HF) etch to improve the surface finish. Scanning Electron Microscope (SEM) micro- 

graphs of the devices appear in Figure 2.11. To obtain cross sectional images the devices 

were broken in half along an Si cleavage plane. Normally, the DRIE process produces an 

undercut in the walls when the ions reach the Si02 etch stop. However, the etch that gener- 

ated the features seen in micrographs (a) and (b) was stopped prematurely and a fillet is 

present in place of the expected undercut. Thin vertical features can also be seen in these 

images - although the majority of them were a result of the incomplete etching, the striated 

surface visible on the wall is indicative of the DRIE process. Close inspection of the Si- 

Si02 interface revealed fillet radii of approximately 3-4 |im. Images (c) and (d) show the 

results obtained from the additional HF etch. Image (c) shows a smoother surface, as well 

as the undercut that is caused by a complete DREE etch. A detail of the comer geometry 

appears in image (d), where it can be seen that the HF etch enlarged the pre-existing 

undercut, and generated an additional one in the underlying Si02 layer. 

Implementation of a reduced scale microsystem will be similar to the mesoscale fabrica- 

tion, with some differences. For example, Si-Si wafer bonding will be used in place of the 

more convenient Si-Pyrex anodic bonding used in the mesoscale prototype. Additionally, 

smaller wafer thicknesses (-50 p.m) and diaphragm thicknesses (~1 p,m) may call for dif- 

ferent fabrication techniques. 

The currently envisioned 9-layer structure of the microsystem is shown in Figure 2.12. 

Layer 1 serves as the base of the structure. A large diameter cavity is etched into this layer 

that serves as the gas chamber used for volume compensation of the LPR. Layer 2 is a thin 

Si membrane that, when bonded to Layer 1, forms the gas chamber. Layer 3 is a relatively 

thick layer, housing the internal structural chambers for the two valves and drive. Bonding 

Layer 3 to Layer 2 results in the formation of the LPR. The piezoelectric elements are 

1. Fabrication of the prototypes was performed jointly by the Active Materials and Strcutures Lab and Bos- 
ton Microsystems. 
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^■? A I u SEM nucrographs of the DRIE etched prototype drive pistons. The top two show the results 
provided by the single DRIE process. The bottom two were obtained after a secondary wet etch performed to 
improve surface finish. Image (a) views the diaphragm-chamber wall interface at an angle. Image (b) is a 
cross section of the diaphragm-chamber tether point. The darker area at right is the cleavage plane and is 
normal to the viewing direction. Image (c) shows the diaphragm-chamber wall interface in the wet etched 
sample. Image (d) details the comer features in image (c). 

deposited into Layer 3. Layer 4 contains the flexible diaphragms for the drive pistons. 

Etched into the underside of Layer 5 are the top portions of the valve chambers and the 

drive. Layer 6 includes the valve diaphragms for the valves. Through the centers of Layers 

3 through 6 is a circular channel that connects the fluid in the LPR to Layer 7. In Layer 7, 

a horizontal channel is etched that directs this fluid from the outlet of the low-pressure 

valve to this central vertical channel. Layer 8 seals the horizontal channel and provides an 

orifice for flow from the HPR to the inlet of the high pressure valve. Layer 9 incorporates 

a thin membrane that together with Layer 8 forms the HPR. 



Manufacturability 73 

^^^ 8 piezoelectric 
^ elements 

Figure 2.12   MHST layers 

Microfabrication Issues 

Realization of a system smaller than the mesoscale is contingent on the resolution of sev- 

eral key issues. They are listed below: 

1. Integration of the piezoelectric material: In the mesoscale system the active 
element is large enough to be manually inserted into the cavity, but this is 
both difficult and tedious. Current methods of piezoelectric deposition tech- 
niques such as thin-film sputtering are not capable of providing the structure 
needed. New techniques are therefore required. 

2. Fluid encapsulation: The procedure whereby the working fluid is encapsu- 
lated within the hydraulic chambers of the valves, as well as the priming of 
the pump chamber and channels, is another area requiring research. Specific 
issues include the degasing (removal of air bubbles) of the encapsulated 
fluid, electrical isolation of the fluid (unless a nonconductive fluid is used), 
and the overcoming of surface tension when priming the pump. 

3. Alignment and bonding: Although each layer shown in Figure 2.12 is rela- 
tively simple to fabricate, the alignment and bonding of a MEMS structure 
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with SO many layers will require the development of new techniques. Cur- 
rently, conventional MEMS structures are typically limited to approximately 
5 layers. Research is also needed to determine the effects of the elevated 
bonding temperatures on the piezoelectric element. If it is found that such 
temperatures are damaging, then low temperature bonding techniques must 
be explored. 

2.7 Summary 

This chapter described the conceptual development of the MHST design. The strategy 

used in the design process was presented as well as the existing goals and constraints. A 

description of the system components was begun by explaining the function and geometry 

of the hydraulic amplifier mechanism. The design of the drive, valves, reservoirs, gas 

chamber, and flow channels was then addressed. The considerations and results of the 

materials selection process were set forth, followed by a discussion of the function and 

integration of the system electronics. Finally, manufacturability of the system was 

addressed by considering the current state of micromachining technology as well as infor- 

mation gained from the fabrication of prototype piston mechanisms. 



Chapter 3 

MODELING 

3.1 Introduction 

Although quasistatic models of macro hydraulic systems are commonplace, since system 

scale changes the relative importance of physical effects (e.g. the impact of fluid inertia on 

behavior is more prominent on the micro scale), a dynamic formulation of the equations is 

necessary. Unfortunately, little work has hitherto been done to model the dynamic interac- 

tions of microfluidic system components [Zengerle and Richter, 1994]. 

This chapter presents a modeling methodology combining theoretical and numerical tech- 

niques that may be used to describe a variety of dynamic hydraulic systems, and applies it 

to the prototype MHST design. The objectives of this chapter are: 

• Definition of the requirements of the model with respect to feasibility assess- 
ment and design of MHSTs 

• Discussion of the issues involved with modeling microhydraulic systems 

• Description ofthe assumptions used 

• Introduction of generalized fluidic system component models 

• Application of the general model to derive a theoretical model of the proto- 
type design 

• Discussion of the use of finite element analysis to augment the theoretical 
model 

75 
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Explicit requirement definition is fundamental to any modeling process but is particularly 

crucial for fluidic systems where the model's accuracy depends greatly on the assumptions 

concerning fluid behavior. An understanding of the issues arising from miniaturization is 

necessary to create a model that is, to the extent possible, valid over all scales of interest, 

thus permitting studies of performance versus scale. The establishment of canonical sys- 

tem components provides the tools with which an integrated system model may be assem- 

bled, as well as highlights significant design parameters. Derivation of the prototype 

model yields the primary tool for feasibility assessment of the prototype design. Finite ele- 

ment analysis of the drive and valve structures facilitates exploration of geometry and 

material options, predicts static and modal component responses, and provides numerical 

values for parameters such as modal masses and structural compliances. 

3.2 Theoretical Model 

3.2.1 Requirements 

Dynamics 

Since the operational frequency, and therefore performance, of a MHST system is limited 

primarily by the resonances of the member components, a dynamic formulation of the 

component equations is necessary. Furthermore, strong interactions between fluid and 

structural elements often exist in microhydraulic systems, dictating the inclusion of fluid 

inductance and chamber compliances (fluidic and structural) [Bourouina and Grand- 

champ, 1996]. 

Energy Loss Mechanisms 

Most of the energy dissipation in MHST systems is due to viscous fluid flow through 

valves and channels. Although primary losses will, in most cases, stem from forward flow, 

backflow resulting from valve leakage as well as dynamic oscillations may be a significant 

source of energy dissipation. In addition, some of the energy supplied to the valves is dis- 

sipated as drag acting on the valve disc throughout its stroke. This is particularly important 
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when evaluating the power harvester because some fraction of the generated power must 

be reserved to drive the valves. 

System Compliance and Fluid Compressibility 

The performance of MHST systems depends strongly on the compliance of the surround- 

ing structure and the compressibility of the working fluid. In the limiting case of an infi- 

nitely stiff structure and incompressible fluid, the maximum chamber pressure is equal to 

the blocked stress of the piezoelectric (accounting for the hydraulic amplification). Cham- 

ber and fluid elasticities act as springs between the drive and the load, reducing the actual 

pressure generated. In the actuation system the effect is to reduce the outlet pressure and 

therefore the output power; the power harvester suffers a decreased chamber pressure, 

resulting is lower stress levels in the drive element and lower induced charges. Although 

liquids in hydraulic systems are often modeled as incompressible, it will be seen that, for 

MHST systems, fluid compressibility is an important factor and must be included. 

3.2.2 Issues 

Fluid Behavior 

The precondition for successful analytical modeling of the fluid behavior in microhydrau- 

lic systems relies on correct assumptions as to the type of flow [Gravesen et al., 1993]. 

Most flow regime characterizations, however, are based on flow speed and channel geom- 

etry, neither of which remain constant during the investigation of MHST feasibility. The 

reciprocating action of the drive means that flow will transition from zero to maximum 

velocity every cycle, indicating unsteady flow, and cannot be adequately described with a 

single Reynolds number. Furthermore, the intended studies of system performance versus 

scale require a model that, to the extent possible, consistently describes the fluid behavior 

for all scales of interest. Both requirements present challenges because, as shown in Chap- 

ter 1, system scale and frequency affect the flow regimes and therefore the forms of the 

governing equations. An alternative to a theoretical model exists if numerical methods are 

employed, either by linking finite element analysis with computational fluid dynamics 
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Figure 3.1 32 microfluidic devices presented in the literature, plotted in Reynolds number versus (l/d,^ 
map. The points plotted represent the largest flow reported [taken from Gravesen et al., 1993]. 

(CFD) algorithms via interface programs [Koch et al., 1996], or by using software with 

coupled structural-fluid analysis capabilities [Ulrich et al., 1995]. However, the computa- 

tional intensity of these numerical methods makes design changes time consuming and 

leads to very lengthy simulations [Bourouina and Grandchamp, 1996]. 

It it necessary to identify what flow regimes are to be expected and what equations should 

describe them. Paraphrasing from Gravesen et al., 1993: in order to determine whether a 

flow pattern is laminar or turbulent, it is common practice to evaluate the Reynolds num- 

ber and compare it to the transitional number 2000 or 2300. However, many microfluidic 

systems cannot be categorized in this way because the length of the flow channel is shorter 

than the entrance length, L^, for fully developed laminar or turbulent flow 

L^ s OMd^Re (3.1) 

Figure 3.1 shows the operational Reynolds numbers for selected microfluidic devices pre- 

sented in the literature; the plotted line represents the transitional Reynolds number 

defined in the following manner: for small l/d^ ratios, the value for a slit-type orifice is 
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used; for large ratios the commonly accepted RCj ~ 2300 is used; for values in between. 

RCt is taken to be the ratio at which 

(^P)inert =  (^P\ (3.2) 

Gravesen concludes that, "...none of them was operated in the region of fully developed 

turbulent flow, and that the [customary] transitional Reynolds number 2300 seems to have 

little relevance to microfluidics." 

TABLE 3.1  Flow models for incompressible liquids at various Reynolds numbers  . 

Inertial losses 
Viscous losses dominate dominate 

Type of restriction Definition laminar flow (Re « Rcj) Ret (Re » Ret) 

Orifice l/d^ < 0.5 2d^ 15 

<^-if^ 
Short channel 2 <l/d^< 50 

2 4 
2 = ^i;i^p 

30(//JA) orifice: ^s2.6 

channel: 1 < ^ < 1.5 

Long channel l/d^> 100 2300 

«-^ 

Diffuser inlet {d^.) 

outlet (_d^) 
5 >l/d^> 50 ^      ^2dlXdl/dl-\)^ 

2 = V^^  X-d,M,'' 
mi/d^) ^-i¥r 

(A is the smallest area) 0.2<^<l 

a. Taken partially from [Gravesen et al., 1993] 

b. A = cross-sectional area of flow channel; Cf= friction coefficient (=^e; = 64 for circular cross-sec- 
tion; = 96 for rectangular cross-section; ~ 41 for slit-type orifice); dj^ = hydraulic diameter; Ap = 
pressure drop;/^ = friction factor (~ 0.14Re       for fully developed turbulent flow); Q = volumetric 
flow rate; \i = viscosity; p = density. 

Table 3.1 summarizes the commonly used flow models for incompressible liquids at vari- 

ous Reynolds numbers. According to this table (where the flow channels in the MHST 

prototype design may be classified as short channels), for Reynolds numbers below the 

transition value, the flow is fully developed laminar, viscous losses dominate, and the left 
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equation governs flow (the Hagen-Pousieulle law). For values greater than the transition, 

the inertial pressure drop dominates and the right equation is used. 

Several problems exist, however, when these equations are applied to the prototype design. 

Firstly, the equations for inertial pressure drops are derived assuming that kinetic energy is 

not transferred from one fluidic element to the next, which is to say that the channels are 

terminated with a sudden expansion "in the flow path cross-section. This assumption is 

highly dependent on the geometry of the channel ends and, for the most part, is not appli- 

cable to the MHST design. Secondly, no account is taken of the acceleration of the fluid 

slug due to the flow velocity changes (which are extreme in high frequency pumps). 

Numerical Integration 

Computer simulations of hydraulic systems are difficult to integrate if the ordinary differ- 

ential equations are numerically stiff, which is common if the system contains compli- 

ances of different orders of magnitude. For example, changing valve states cause the pump 

to experience enormous changes in the stiffness of its load. For such systems, a poorly 

chosen integration algorithm will require excessively small time steps and simulations will 

be extremely slow [Piche et al., 1995]. In fact, numerical integration of the model pre- 

sented in this work usmg normal Runge-Kutta methods is not feasible. The model was 

simulated using MATLAB with the SUVTULINK* dynamic system simulation toolbox, 

partly because of the versatility of SIMULINK and the ease with which design changes 

can be made, but also because the package contains several integration routines designed 

specifically to solve numerically stiff problems; the solver chosen was based on a modified 

Rosenbrock formula of order 2. Several other integration options exist, such as a modified 

Runge-Kutta method proposed by Piche et al. in 1995. 

1. MATLAB version 5.2; SIMULINK version 2.1; The MathWorks, Inc., 24 Prime Park Way, Natick, MA 
01760-1500 
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3.2.3 Assumptions 

Single DOF Component Dynamics 

Since drive frequencies significantly exceeding the first natural frequency of any structural 

component will most likely result in poor system performance, single vibration modes 

were assumed for all structural elements resulting in lumped, single DOF component 

models. In most cases, the surrounding structures (e.g. chambers and flow channel walls) 

will have resonances much greater than the operational frequency and may therefore be 

treated quasistatically. 

Structural Expansion 

Due to the structural compliance of the pump chamber, interior pressures will cause the 

structure to deform, changing the control volume size. It is assumed that this volume 

change is small compared to the undeformed volume of the chamber, with the result that 

the control volume may be taken to be constant. Since the flow channels are to be etched 

or otherwise micromachined in Si or SiC wafers, the volume of material surrounding the 

channels is large compared to their cross-sectional areas. This fact, combined with the 

high stiffness of silicon, suggests that the deformation of the channels may be neglected 

and the cross-sectional areas assumed constant. The channels are therefore assumed to be 

infinitely stiff, which is to say that they have infinite hydraulic capacitance. 

Fluid Compressibility 

The liquid in the pump chamber is quasistatically compressible, which is to say that a 

finite bulk modulus relates pressure to volume change, but wave propagation is ignored. In 

most cases, the volume of fluid in the flow channels and valves is small compared to the 

chamber and the added compliance is negligible. Fluid in these regions is therefore mod- 

eled as incompressible. 

The interior pressure distributions of the system cavities are assumed to be uniform. This 

assumption is vaHd when the acoustic wavelength of the working fluid (at the operating 
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frequency) is significantly greater than the maximum cavity dimension, as it true for the 

prototype system. 

Steady Flow 

Steady flow is assumed in the derivation of the viscous resistances of the components. 

Ahhough this scenario cannot truly occur in high frequency reciprocating pumps, it is a 

necessary approximation because little a priori knowledge exists about the dynamics of 

the flow in the irregular geometries of the design. 

Inertial Pressure Drops 

Two sources for inertial pressure drops exist in MHST flow channels. The first is caused 

by the acceleration of a fluid particle as it enters a channel, and is described by the Ber- 

noulli equation. The second is due to the acceleration of the fluid slug in the channel 

caused by the corresponding acceleration of the pump piston. It is assumed in this work 

that the inertial pressure drops caused by the high frequency reciprocation of the pump 

will dominate the former effect. 

Cavitation 

Cavitation must considered in all mechanical pump designs. Cavitation is the formation 

and subsequent collapse of vapor-filled cavities in a liquid due to dynamic action [Olsson 

et al., 1996]. In the MHST, the high frequency reciprocations of the pump may induce 

cavitation at the piston-liquid interface. The phenomenon is, however, difficult to incorpo- 

rate into the theoretical model. The two passive diffuser pumps discussed in Chapter 1 are 

the only reciprocating micropumps with operational frequencies approaching that of the 

MHST. Olsson et al. reported that they measured the best performance of their pump, 

operating at 3-4 kHz, just below the level of electrical excitation that caused cavitation, 

concluding that "maximum pump diaphragm excitation is therefore limited by cavitation" 

[Olsson et al., 1996]. Gerlach and Wurmus reported successful operation of a pump with 

an 11 X 11 mm^ membrane up to its mechanical resonance of 10 kHz, but observed that 

when a smaller pump was driven at its correspondingly higher resonance "the dynamic 
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passive valves did not work anymore" [Gerlach and Wurmus, 1995]; the source of the per- 

formance reduction was not determined. With this information in hand, it is concluded that 

it is possible for a mechanical pump to operate in the kHz range, but that cavitation may be 

a limiting factor. 

Several possible solutions exist to the cavitation problem. Firstly, it is possible to bias the 

chamber pressure, perhaps by using auxiliary piezoelectric elements, such that the cham- 

ber pressure never falls below the vapor pressure of the fluid. Secondly, the choice of 

working fluid is extremely important. For example, it will be seen that mercury, which has 

no vapor pressure at room temperature, is a viable liquid. Therefore, cavitation will not be 

addressed in subsequent sections of this report and is, rather, emphasized as a subject for 

future experimental study. Accordingly, it must be stressed that the pressures predicted by 

simulation results are meant as pressure differentials only, and implementation of the sub- 

ject design must include measures, such as those mentioned above, to avoid cavitation. 

3.2.4 Canonical Components 

The definition of canonical system components aids the modeUng process and sheds 

insight into the system's key parameters. The elements required to realize a MHST system 

are volume source, pump chamber, active valve, and flow channel. In order to capture the 

dynamics of the integrated system, the static and dynamic characteristics of each element 

must be specified [Zengerle and Richter, 1994]. 

Volume Source (Piezoelectric Drive Element) 

The volume source is piezoelectric and is the primary transduction element in the system. 

When employed in an actuator its function is to strain under an applied voltage, changing 

the size of a control volume and forcing fluid flow. In power harvesting applications the 

reverse process is used: pressurized fluid entering the control volume induces compressive 

strain in the element and generates a voltage signal. Pressure oscillations wiU cause simi- 

lar voltage fluctuations across the material and induce current flow; the resulting electrical 

power is harvested via coupled rectifying circuitry. Figure 3.2 iUustrates the volume 
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Figure 3.2  Canonical volume source and pressure transducer 

source and the nature of its transfer function which relates the pressure of the surrounding 

fluid, p, and the applied electric field, Ef, to the change in volume of the element, AK 

Transduction in piezoelectrics stems from their coupled mechanical and electrical dynam- 

ics, the modeling of which has been the subject of much research. Typically the electrical 

dynamics of the piezoelectric are ignored when it is used as an actuator; the mechanical 

dynamics are likewise neglected when it is used as a sensor. Although such simplified for- 

mulations can fully describe the mechanical behavior of the MHST actuator (because a 

voltage is applied), the functionality of the power harvester lies in the coupling of the vol- 

ume source with the attached circuitry and fully coupled equations are therefore necessary. 

A methodology for deriving the coupled equations of motion has been presented by 

Hagood et al. using the well-known piezoelectric constitutive relations and Hamilton's 

Principle [Hagood et al.,1990], and is summarized in Appendix A. The resulting equations 

are 

(M, + Mp)n -h {B^ + Bp)n + {K^ + Kp)n + 0F^ = B^F       Actuator Equation (3.3) 

e n + CpV^ = B^q        Sensor Equation     (3.4) 

where M,p are the mass matrices, B^p are the damping matrices, K,p are the stiffness 

matrices, Cp is the piezoelectric capacitance matrix, 0 is the electromechanical coupling 
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matrix, Bf is the mechanical forcing matrix, and Bg is the electrical forcing matrix. The 

subscripts s andp refer to the structure and piezoelectric, respectively. 

Control 
volume 

Chamber 
elasticity 
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Qout Chamber 

I AV Volume 
source 

pc 

Figure 3.3  Canonical pump chamber 

Qout 

Pump Chamber 

The pump chamber, shown in Figure 3.3, is a structure surrounding the volume source that 

permits the accumulation of fluid pressure. Its transfer function relates the size change of 

the volume source, AV, the volumetric flow in, Q^, and the volumetric flow out, Qg, to the 

pressure in the chamber, p^,. The goveming equation for the element may be obtained by 

the application of continuity to the control volume. Integrating over the control volume 

surface yields 

p^ = {— + —      • (AV + Qi - QJ      Pump Chamber Equation (3.5) 
V      Kjr CJ 

where V^ is the volume of fluid initially contained within the chamber when the volume 

source is undeformed, ^^^is the bulk modulus of the fluid, and Q is the hydraulic capaci- 

tance of the chamber stmcture. It is assumed that AV < 7^. The premultiplying term 
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relates the deformation of the control volume to the chamber pressure and constitutes the 

effective hydraulic capacitance of the chamber 

(3.6) 

where the capacitance contributions of the chamber structure and the working fluid act as 

springs in series. It can be seen that, as the size of the volume source increases, the overall 

capacitance of the component decreases as fluid leaves the chamber. In many cases where 

the deformation of the volume source is very small compared to the volume of fluid ini- 

tially in the chamber, AV^« V^, Q is approximately constant. 

When considering equation (3.5) it must be remembered that the chamber pressure, p^, is 

implicit in AV! For example, in the limiting case of an incompressible fluid and a rigid 

structure, (3.5) suggests that;?^, is unbounded, when, in fact, the magnitude of AVis lim- 

ited by the chamber pressure. The result is that, in the limiting case, p^ will be equal to the 

blocked pressure of the volume source. 

Flow Channel 

Flow channels are the fluid pathways connecting the other components together. The 

canonical channel is shown in Figure 3.4 along with its transfer function relating pressure 

diflference to flow. 

P1 

Fluid inertia and 
viscous resistance 

Q P2 

Figure 3.4  Canonical channel 
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Much of the modeling of fluid behavior occurs in the flow channel. Unfortunately, a fun- 

damental challenge exists: a truly accurate model of MHST fluid behavior requires empir- 

ical data, but such data can only be obtained though the design and fabrication of a 

prototype which, in turn, requires a system model. The strategy chosen was to derive a 

channel model that would capture both viscous and inertial effects, yet be as simple as 

possible so as to facilitate correlation with experimental data. The result was an equation 

incorporating lumped viscous and inductance terms. Such a scheme was used by Zengerle 

and Richter, 1994, in the modeling of a micropump, where good agreement with experi- 

mental data was obtained. 

If steady laminar flow in a circular pipe is assumed, under the arguments previously dis- 

cussed, then the viscous pressure drop is given by the Hagen-Poiseuille law 

(A/^)W.C = ^'G (3-7) 

where Jyj and / are the hydraulic diameter and length of the channel, respectively, and |i is 

the viscosity of the fluid. This can be generalized as 

(Ap),,,, = RQ (3.8) 

where R is defined as the viscous flow resistance of the channel. Considering Newton's 

equation for inert and incompressible fluids, the inertial pressure drop across the channel 

is of the form [Ziengerle and Richter, 1994] 

i^P)inert =  9lfQ (3-9) 

where p is the density of the fluid, Q is the acceleration of the fluid slug in the channel, 

and Ijis the inductance of the channel and is given by 

If-{ (3.10) 
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where A and / are the cross-sectional area and length of the channel, respectively. Sum- 

ming over the pressure drops, the governing equation for the channel becomes 

^P = pIfQ + RQ     Canonical Flow Channel Equation   (3.11) 

Insight into the relative magnitudes of these terms may be gained by considering a repre- 

sentative channel and pump system. The volumetric flow rate of the pump can be approxi- 

mated by 

Q~v.f (3.12) 

where Vj is the expected volume displacement (single-cycle) of the device and/is the 

pumping frequency. Making use of the relations in Table 1.5, the trends in flow regime 

versus pump scale can be determined; the results are shown in Figure 3.5. Here, all dimen- 
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Figure 3.5 Effects of scale on fluid phenomena where pumping frequency varies accord- 
ing to /oc X-i. The representative system is a straight tube with / = 5 mm, d=0.25 mm; 
fluid is water; Vj = 3.57e-l 1 m^. D/m represents the drag force on a flat disc of arbitrary 
mass, m, with d = 0.25 mm oriented normal to the flow direction. The equations used to 
generate the curves are listed in Table 1.5. 
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sions are scaled equally and pumping frequency is assumed to increase according to equa- 

tion (1.3). The equations used to generate the curves can be found in Table 1.5. Most 

noticeable in the plot and table is the scale invariance of the inertial pressure drop, which 

delineates a fundamental limit of microhydraulic systems. It suggests that, for a given 

MHST design with some maximum operational frequency, the same inertial pressure dif- 

ferential will be experienced at all scales, and may not be reduced without modifying the 

design (or lowering the frequency further below the limit). Also, a fransition from inertial 

to viscous dominated pressure drops is seen as the scale is miniaturized below -10 m. 

The fransition, combined with the constant inertial contribution, suggests that miniaturiza- 

tion beyond the fransition point will eventually lead to a system where flow is entirely 

dominated by viscous effects. Two conclusions can be drawn: (1) both viscous and inertial 

terms must be included in the formulation of the flow equations if a consistent and versa- 

tile model is to be obtained, and (2) miniaturization past some scale will result in behavior 

that is dominated by viscous effects rather than inertial. 

Active Valve 

The valves are the means by which the flow is rectified. Figure 3.6 shows a diagram of the 

canonical component and its fransfer function which relates the applied force and pressure 

difference to the flow. Valves are typically modeled with experimentally obtained quasis- 

tatic pressure-flow curves and, in some cases, by a bode plot of the flow gain [Isacsson et 

al., 1994], but because the performance of the MHST depends heavily on its component 

dynamics, valves especially, a fully dynamic model is required. Furthermore, as was the 

case for the channel model, the use of experimental data is precluded in the initial model 

formulation. 

We begin by surmning the forces hypothesized to act on the valve 

m^x + D^(x) + F^ix) + FpiAp) + Ff{Q) -h F^ = 0    Canonical Valve Equation (3.13) 

where m^ is the modal mass of the valve, D„ represents the drag force on the valve due to 

its absolute velocity through the fluid, F„ is the force on the valve caused by the surround- 
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Applied    Valve 
force        dynamics 

Figure 3.6  Canonical valve 

ing pressures, Fj is the force resulting from the momentum transfer from the impinging 

fluid, and F^, is the externally applied actuation force. Contact between the valve and valve 

seat may be modeled via a spring force function 

^.W = 
K^x-a) x>y 

(3.14) 

where k^, is the stiffness of the valve, a is the valve travel (the distance from the valve disc 

to the seat when the valve is in its rest position), and k^^^t is the estimated stiffness of the 

valve seat. It is assumed that k^g^t »K Since perfect sealing between the disc and seat is 

impossible because of material and manufacturing imperfections, the parameter y repre- 

sents the gap that exists when the valve is closed; estimating y based on known surface fin- 

ish or fabrication tolerances provides a means of estimating leakage. The spring force 

function is illustrated in Figure 3.7 

In most cases the volume of fluid contained within the valve element is small compared to 

that within the flow channels, so that its corresponding inertia may be neglected. Valves 

do, however, contribute significantly to the viscous resistance encountered by the fluid. 
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contact with 
valve seat 

Figure 3.7   Spring force function 

The operating frequency of the system is, in many cases, close to the valve resonance, 

meaning that the response time of the valve is of the same order of magnitude as the pump 

period. In such cases, a significant percentage of the Qov/ cycle can occur while the valve 

is transitioning from a closed to an open position, or vice versa. The viscous resistance, 

then, must be taken to be a function of the valve deflection, and the equation governing 

flow through the valve is of the form 

(ApX = R,(x)Q (3.15) 

where x is the position of the valve. The resistance function, Ry(x), depends greatly on the 

valve geometry. The nature of the valve forcing functions appearing in (3.13) depend 

entirely on the valve geometry and will be further discussed in the following section. 

3.2.5 Prototype System Model 

This section deals with the application of the defined canonical component models to the 

MHST prototype design to arrive at a set of nonlinear ordinary differential equations that 

represent the integrated system. 
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Figure 3.8  Drive piston assembly 

Volume Source (Piezoelectric Drive Assembly) 

The volume source in the protoype design is a cylindrical piezoelectric element bonded 

between a silicon plate and flexible membrane, as shown in Figure 3.8, with the poling 

vector parallel to the longitudinal axis. Using a Rayleigh-Ritz formulation (first exten- 

sional mode only) the piezoelectric sensor and actuator terms are found to be 

mp = 

0 = f33^ 

^P 

c^ A 

Bfm = -Pp)A^^^ 

Cp = 

B,= l 

A^£ ^•=■33 
(3.16) 

where l^ and Ap are the length and cross-sectional area of the piezoelectric cyclinder, 

respectively, p^ is the active material density, £33 is a piezoelectric dielectric constant, cfg 

is a piezoelectric stiffness constant, C33 is a piezoelectric coupling constant, and A -^ is the 

area of the piston. The mass of the piston, m^,-^, may be added to the modal mass of the 

piezoelectric cylinder, m^, to obtain the effective mass of the drive mechamism 

^ = ^p + "^pis (3.17) 

Substituting these parameters into (3.3) and (3.4) yields the equations of motion for the 

pump subsystem and its circuitry 
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My + b y + k y-QVp = -p^A^^^        Pump Actuator Equation    (3.18) 

@y + CpVp = Qp Pump Sensor Equation       (3.19) 

where y is the deflection of the element (positive upward) and is related to the change in 

the control volume by 

AF = A^,,y (3.20) 

One percent structural damping was assumed for bp. In the actuator case the voltage across 

the element is dictated, and (3.19) is not needed for simulation. It can be used, however, 

for post-simulation analysis of the electrical power flow to the element. 

In the power harvester, voltage is a free variable and the sensor equation is required. The 

nature of the constituent terms depends on the power harvesting circuit used. In this work, 

the circuit shown in Figure 2.7 was modeled. It is assumed that the battery voltage is posi- 

tive. Due to the nature of the diode bridge, three different cases must be considered based 

on the relative voltages across the piezoelectric element and the battery terminals. The 

resulting equations are 

\^p\ ^ ^batt 4batt = 4p = 0 

V  -^v ■       — - ■    —     P~ ^^" 
^p-^^batt ^batt -     ^p  - D (3.21) 

-V  -V,. 
T7    ^    1/                     ■                •                 P        ban 
^p<-^batt ^batt =  ^p =   '-^  

where V^,^^ is the battery voltage, qp is the charge on the piezoelectric, qi,^^ is the charge 

on the battery, and R^ is the internal resistance of the battery. For simplicity the bias volt- 

age of the diodes has been omitted. The sign convention chosen in (3.2) is such that 

q , qfj^ff > 0 denotes current into the piezoelectric and battery, respectively. In the first 

case the voltage across the active element is less than the battery voltage and the diodes do 

not conduct. In the second case, the piezoelectric voltage is greater than that of the battery 
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and charge is transferred from the element to the battery. The same thing occurs in the 

third case, where the current follows a different path across the diode bridge. At all times 

during operation, the current into the battery is either zero or positive. 

Pump Chamber 

It is useful to derive an expression for the maximum, or blocked, pressure of the pump. 

The pump chamber equation requires no modification from the canonical form. Consider 

the case when there is no flow into or out of the pump chamber, and the volume source is 

statically pushing against the contained fluid. For simplicity we assume that there is no ini- 

tial pump displacement. In this case the volume of fluid in the chamber is constant and we 

can neglect the AV term in the chamber capacitance. Integrating the remaining expression 

with respect to time we have 

Pc = C^- ^V (3.22) 

If (3.18) is substituted into this expression by making use of the compatibility relation 

(3.20), an expression for the maximum pressure of the pump, p^^, is obtained 

^ e/A„. ^  pis 

c 42 
^^P^ma. (3.23) 

Here, the effects of chamber capacitance and hydraulic amplification on achievable pres- 

sure are visible in (3.23). In the limiting case of an infinitely stiff structure and an incom- 

pressible fluid, the expression reduces to the blocked stress of the piezoelectric, attenuated 

by the hydraulic amplification of the piston 

^P'na.)ideal = J^^^pL.. (3-24) 
pis 
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Valves 

To quantify the pressure forces acting on the valve, the pressure distribution surrounding it 

vi'as lumped into discrete zones (Figure 3.9). Sections I and n are sections of the channels 

where the flow is governed by (3.11). The zone pj may be either the low or high pressure 

reservoir, depending on which valve is being modeled; p^ is the pressure in the chamber, 

Pf.. Using this formulation, the total pressure difference from reservoir to chamber is 

Api4 =  i^Pl2)inert + ^^Pn\isc-^^^P23\isc+^^P34)inert+^^P34) (3.25) 

I Flow 

1^ -'^      2_ 

f 
? 

^J ̂ 
n 

I 

Figure 3.9  Lumped pressure zones 

The volume of fluid between zones 2 and 3 is small compared to the other channels, and 

(^23)inert ^^V ^e neglected. 

Figure 3.10 Detail of valve geometry and flow velocity distribution 
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The viscous flow resistance of the valve is derived by applying the Navier-Stokes equa- 

tions to the region between the valve disc and seat. Referring to Figure 3.9, fluid moving 

in the direction shown must, after exiting section II, flow radially outward between the 

valve disc and seat until reaching point 3. Details of the geometry, the coordinate system 

used, and the flow velocity distribution are shown in Figure 3.10. 

The radial component of the Navier-Stokes equation in polar coordinates (assuming con- 

stant density) is 

[ruA   + ——- —T^r-r +  

The equation simplifies greatly if a steady flow approximation is made by setting the time 

derivative equal to zero. Additionally, flow in the 6 and z directions may be neglected 

because of symmetry. Equation (3.26) then reduces to 

5"r dp . . ^^«r 
^"rjP = -Tr^^y (3.27) 

The continuity equation in polar coordinates is given by 

1 ^"r 
-r"r + -^ = 0 (3.28) 

Because the flow is radial and viscous it is logical to guess that the velocity is a function of 

r and z. If a separable function u{r, z) = R{r)Z{z) is introduced, and a parabolic velocity 

profile is assumed that satisfies the no slip conditions at the vertical boundaries 

Z(^) = (^'-[^]') (3.29) 
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then substitution of (3.28) and (3.29) into (3.27) yields an experssion for the pressure gra- 

dient. Integrating with respect to r we obtain 

p{r, z) = 2jici ln(r) - ^(z^ _ ^zA^ + g]'j + ^(z) + c^ (3.30) 

where ^{z), Ci, and C2 are unknown. Because x/2 « 1, higher powers of the quantity may 

safely be neglected. Furthermore, if the pressure is assumed constant across z, so that 

p = p(r), then (3.30) simplifies to 

pir) = 2[iCiln(r) + C2 (3.31) 

Applying the pressure boundary conditions at points 2 and 3, and solving for cj and C2, the 

pressure distribution is obtained 

(P2-P3)Mr/r2) 
P^'^ = ^3 -^       ln(r,/r,) '^-'-'^ ('•'"> 

and the velocity profile is 

The velocity profile may be integrated over x to obtain the volumetric flow rate 

x/2 3 

Q = 2nriuir,z)dz = ^^^^^l ip,-p,) (3.34) 

-x/2 

Comparison of (3.34) with (3.15) provides the viscous flow resistance of the valve 

6uln (ro/r,) 
K(x) =    ^   ' '    ^' (3.35) 

The total force on the valve disc may then be obtained by integrating the pressure distribu- 

tion on the disc over its area 
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V^2' P3) =   j PldA +    j   p{r)dA 

(3.36) 

Pressures /72 and pj can be calculated during system simulation by utilizing the known 

states pj and/oT P4, Q, Q, and equation (3.11). Due to the pressure-balanced valve design 

there is no net force on the valve resulting solely frompj. 

The fluidic drag acting on the valve is the most difficult force to model because the nature 

of the local fluid behavior is unknown. Luckily, the use of actuated valves reduces the 

model's sensitivity to error. What follows is considered to be the best possible approxima- 

tion, and must be updated with experimental data when possible. Referring to Table 1.5, 

the drag force on the valve may be either Stokes (viscous) or pressure (inertial) dominated, 

depending on the Reynolds number. Because the valve may traverse a wide range of 

velocities through a single cycle, both terms are retained, ensuring that the dominant force 

(i.e. the force that limits the valve's performance) is present. The inertial drag force is 

given by 

J^inert =  ^P^vQ^^ (3-37) 

where Q is the drag coefficient for a disc perpendicular to the flow direction (Q ~ 1.17), 

and Ay is the area of the disc. The corresponding viscous (Stokes) drag force is 

^visc = 8Mv^ (3.38) 

where d^ is the diameter of the disc. The total approximated drag force is then 

^v = ^/„.r/ + ^v/5c (3.39) 

where it can be seen that, because (3.37) is a function of the square of the velocity, but 

(3.38) is linear, for x « 1 the viscous term will dominate. Likewise, higher velocities (cor- 
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responding to higher Reynolds numbers) will cause the disc to experience primarily the 

inertial term. 

Initial simulations showed, however, that under certain conditions lightly damped, high 

frequency oscUlations were observed in the vcdve's time history. Although the oscillations, 

which occurred when the valve was open, were normally of small amplitude and did not 

affect the overall system behavior, it was felt that, in the physical system, the fluid sur- 

rounding the valve cap would, in fact, heavily damp the oscillations through some mecha- 

nism not captured by (3.39). For this reason, critical damping (^ = 1) was added to the 

valve by augmenting r>vwc- 

Referring to Figure 3.9 and equation (3.13), the momentum transfer force, Ff, arises when 

the fluid flows around the comer near the valve. To evaluate the force, a control volume 

may be drawn around the valve disc and seat, and conservation of momentum applied. For 

the case when the flow direction in section n is antiparallel to the valve surface normal 

(i.e. fluid is flowing down section II toward the valve cap), the fluid impinges against the 

cap and the resulting force (assuming steady flow conditions) is given by 

Ff = ^^2 (3.40) 

where A// is the cross-sectional area of channel section 11. While it is possible to include 

unsteady flow effects in this formulation, their presence gives rise to numerically sensitive 

acceleration terms which, it was found, led to errors when the equations were integrated. 

Comparison of results with and without these added terms showed that they are not 

required and may, in this case, be neglected. When the flow in section 11 is parallel to the 

surface normal (i.e. flowing up section II away from the cap) then the change in momen- 

tum of the fluid is reacted by the wall to the left of the valve, and the valve disc does not 

experience a significant force. Therefore, the total momentum force can be written as 
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P_n2 

f 
antiparallel flow 

0,      parallel flow 

(3.41) 

Flow Channels 

Equation (3.25) can be used to derive the governing equations for the inlet and outlet chan- 

nels. Making multiple substitutions of equation (3.11) into this expression, we obtain an 

expression for the total pressure drop across the channel 

A/7 = pIfQ + RQ (3.42) 

where the channel inductance is now 

(3.43) 

and where (-); and (-);; refer to the channel sections described Figure 3.9, and R is the total 

viscous resistance of the channel 

R = Rj + Rji + R^(x) (3.44) 

Integrated System Model 

The above component equations can be assembled, using compatibility and equilibrium 

relations, to create a model of the prototype MHST, represented in Figure 3.11. For com- 

pleteness, the equations comprising the system model are summarized below: 

Pump Chamber Continuity: 

^V = A^,,y 

Drive Piston Dynamics: 
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My + bpj + kpy- -®Vp = -pApis 

P          3 K = 
E 

^33^p 

G = 'f^ 
P 

^P = 
'p 

M = mp + mpi^ 

Inlet (i)and Outlet (o) Valve Dynamics: 

m^x) + D^iXi) + F,(x,) + FpiApi) + FfiQ^) + F,. 

mj, + D^ixJ + F/xJ + FpiApJ + F^iQ^) + F,^ 

0 

0 

D^ = ^pA^Cjx'^ + Siid^x 

Fs = 
k^ix-a) x>y 

k^ix-a) + k^^^^ix-y)     0<x<j 

(    2     ('■i-'"2)^'i        /^(r?-r|)7C 

^/ = 
-j-Q^,      antiparallel flow 

0,      parallel flow 

Inlet (i) and Outlet (o) Channel Dynamics: 

Pc-Phpr=  (pJfQo + RoQo) 

It       Ift 
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Rectification Circuit (power harvester only): 

USiilj    l2S]llij    6^lln (rj/r,) 

nd. ^^lo 

ey ̂
^P'^P^^P 

M^n.« %att =  ^p = 0 

^>n«» Ibatt          ^p -          j^ 

yp<-Vtan ^batt       ^p -           ^ 

The actuator model has 9 states and the power harvester has 10. The block diagrams used 

to implement the equations in Simulink are included in Appendix B. 

viscous losses 
through valves 

active 
valves 

fluid 
inertance 
and viscous flow 
resistance 

pump chamber 
compliance and fluid 
compressibility 

pumping 
element 

Figure 3.11   Integrated system model 

3.3 Finite Element Analysis 

Finite element models of the MHST subsystems were created and analyzed to augment the 

theoretical model. The specific objectives of the analysis were: 

•   Subsystem design 
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• Investigation of static and modal responses (structural and acoustic) 

• Stress analysis 

• Provide numerical values for model parameters 

Prototype geometries for the drive and valve subsystems were analyzed to determine cru- 

cial design parameters, and eventually to optimize the designs v^^ith respect to the perfor- 

mance metrics. Optimization was concurrent with an investigation of the modal responses 

of the component structures and the acoustic modes in the fluid chambers. Stress analyses 

were performed on all relevant structural members to ensure design feasibility. After 

design finalization, numerical values were obtained for the unknown model parameters 

(e.g. chamber elasticity, valve stiffness and modal mass, and valve actuation force) and fed 

into the integrated system simulation. 

2-D axisymmetric finite element models for the drive and valve subsystems were created 

and analyzed using the ANS YS^ analysis package. The mesh used for the valve is shown 

in Figure 3.12. To model the pump subsystem a similar mesh is used, with the only differ- 

ence being the absence of the valve diaphragm and cap structures. The model employed 4- 

node coupled-field solid plane elements for the active element, 4-node structural solid 

plane elements for the chamber and piston structures, 4-node acoustic fluid elements for 

the enclosed fluid, and 2-node axisymmetric structural shell elements for the diaphragms. 

The code (batch files) used to create and analyze the mesh is included in Appendix D of 

this report. Four batch files were used: (1) valve (and drive piston) geometry and mesh 

definition code, (2) static analysis code, (3) pump diaphragm substructure geometry and 

mesh definition and analysis code, and (4) valve diaphragm substructure geometry and 

mesh definition and analysis code. 

Since the critical stress regions for the design are the diaphragms and their tether points, it 

is desirable to model them using plane elements through the thickness so that data may be 

obtained indicating the stresses in the members and at the comer stress concentrations. 

2. ANSYS version 5.3, Swanson Analysis Systems, Inc., P.O. Box 65, Johnson Road, Houston, PA 15342- 
0065 
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rSi valve diaphragm 
(shell elements) 

Water 
(acoustic elements) 

Si structure 
(plane elements) 

Piezoelectric 
(coupled-field elements) 

Pyrex 
(plane elements) 

Figure 3.12   Finite element model of valve (axisymmetric) 

However, the high aspect ratios of these components makes them difficult to mesh without 

generating an enormous number of DOFs, resulting in analyses that are time consuming 

and, in some cases, impossible (given computer memory limitations). Axisymmetric shell 

elements exist in ANSYS that can be used to model the diaphragms more accurately and 

with fewer degrees of freedom, but they are incapable of predicting stress concentrations. 

The solution used in this work was to create a substructured model, wherein a mesh was 

created of the full valve structure using shell elements for the diaphragms. In addition, 

separate submodels of only the diaphragms and their attachment regions were constructed 

using plane elements. The full model sufficed for modal analyses. For static stress analy- 

ses, the full model was first employed to obtain nodal solutions. This data, specifically, the 

translations of the nodes of the elements adjoining the diaphragm shells and the hydro- 

static chamber pressure, were then imported to the submodels and applied as DOF con- 

straints. Detailed stress concentration results are thus obtainable while maintaining model 

efficiency. 
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B. Valve diaphragm substructure 

Figure 3.13   Substructures used for stress analysis. Key nodes are highlighted. 

Creation of the full model in this manner involved the formulation of additional constraint 

equations because each node of the shell elements had 2-D translation and rotation DOFs, 

while the plane elements of the adjoining structure had only translation. By extending the 

shell elements into the structure, and coupling the rotational degrees of freedom of adja- 

cent shell nodes together, the variables were eliminated and the diaphragms became effec- 

tively cantilevered. 

Geometric consistency was maintained between full- and submodels by meshing them 

such that the nodes of the elements coupled to the shells in the full model corresponded 

geometrically to key nodes of the submodels. The constraints were applied at these nodes, 

with the intermediate nodes subject to a linear interpolation. 
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Numerical experiments using the finite element model provided values for those model 

parameters that are difficult to estimate. They are are 

1. structural pump chamber capacitance, Q 

2. valve stiffness, k^ 

3. valve modal mass, m^, 

4. effective area of valve diaphragm, A^jjr 

The pump chamber capacitance v/as computed by applying a voltage to the piezoelectric 

element in the pump model, with fluid contained within the closed chamber, and measur- 

ing the resulting pressure, p^. Since there is no flow (Q, = Q^ = 0), and the volume of fluid 

in the chamber, V^, is known from the geometry, then equations (3.5, 3.18, 3.20) can be 

used to solve for C/. 

(3.45) 

The effective valve stiffness, k^ can be computed either directly or indirectly from the 

valve model; both were performed to check consistency. To calculate k^, directly, an exter- 

nal force was applied to the valve by applying a pressure to the nodes comprising the sur- 

face of the valve cap and measuring the resulting deflection. To calculate k^ indirectly the 

free stroke and blocked force of the valve were used. The free stroke, xp, was computed by 

applying a voltage across the piezoelectric and observing the deflection. The blocked 

force, F^, was obtained using a similar procedure: the vertical displacement of the valve 

cap was contrained to zero, and the reaction force on the cap was measured. The stiffness 

of the valve was then derived using the relation 

F 
K = -^ (3.46) 

■^fr 

The modal mass of the valve, m^ was obtained by comparing/„, the frequency at which 

the first vibration mode occured (using an eigenvalue solution), with the valve stiffness, k^ 

The mass is then given by 



Summary 107 

m^ = 
i2nf„y 

(3.47) 

The effective area of the diaphragm, A^^ was calculated by applying a pressure, p, to the 

fluid in the valve hydraulic chamber, with the valve cap blocked, and measuring the reac- 

tion force, Fi,, on the valve vap. Since the total reaction force is the sum of the forces act- 

ing on the cross-sectional area of the valve stem (the short cyHnder between the cap and 

the diaphragm, see Figure 2.6) and the effective area of the diaphragm, Agj^ was computed 

as 

"^eff -  —     ^stem (3.48) 

Although the numerical characteristics of the 1 cm and 1 mm prototype mechanism 

designs are discussed in Chapters 4 and 5 of this report, the values that were obtained 

using the preceeding methods are listed below 

TABLE 3.2    Model parameter values obtained from finite element analysis. 

System scale (X) C,(Pa/m^            ky(^/m)      m^, (g)          A,ff(mm^) 

Mesoscale (1) 

Microscale (0.1) 

7.09el7                  2727             1.26e-4         0.25 

7.09e20                 272.2            1.26e-7        0.0025 

3.4 Summary 

This chapter presented the derivation of generalized fluidic component models, then 

showed the application of these models to the prototype design to arrive at an integrated 

system model. The first section of the chapter discussed the requirements of the model and 

the issues involved, especially the dependence of fluid behavior on system scale. The rele- 

vant assumptions were then set forth, from which canonical fluidic component models 

were derived which highlighted the relations of important design parameters such as 

chamber capacitance, fluid inertia, flow resistance, and so forth. The canonical models 

were then applied to the design to arrive at a set of equations that fuUy describe the 
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dynamic behavior of the MHST. Finally, the creation of a finite element model for the pur- 

poses of design optimization and augmentation of the theoretical model was detailed. 



Chapter 4 

OPTIMIZATION AND ANALYSIS 

4.1 Introduction 

MHSTs are extremely nonlinear systems capable of complex fluid-structure dynamic cou- 

pling. For this reason the performance of a given design is difficult to determine without 

numerical simulation of the entire system model. Such simulations are computationally 

intensive and, in some cases, provide results that are of limited usefulness without a 

deeper understanding of the fundamentals involved. For these reasons the design of the 

constituent components is difficult. The goal of this chapter is to present methods, both 

static and dynamic, whereby the behavior of the system can be understood and evaluated, 

and to apply these methods with the intent of optimizing the design described in Chapter 

2. The objectives of this chapter are: 

• Definition of a canonical hydraulic coupler to identify the important parame- 
ter involved and illustrate their associated trends 

• Introduction of Mechanical Efficiency as a static analysis and design tool 

• Optimization of the chosen design 

• Derivation of the equations of motion for time intervals where the system 
behavior is nearly linear in order to predict dominant frequencies 

• Presentation of the equations necessary for energy tracking with respect to 
the simulation results 

• Definition of the energy-based metrics that will be used to evaluate perfor- 
mance during the subsequent parameter study 

109 
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The first steps in component design optimization is the identification of important parame- 

ters and the definition of suitable performance functions based on these variables. Insight 

into the procedure is sometimes gained if a representative section is introduced that per- 

mits a more straightforward analysis yet captures the essential behavior of the actual 

device. The principle function of the fluid and structural elements in the MHST is to cou- 

ple the piezoelectric elements to their respective loads. For example, the fluid and cham- 

ber comprising the valve hydraulics couple the piezoelectric element to the valve cap and 

diaphragm. The representative section is therefore a hydraulic coupler that uses a working 

fluid to connect a piezoelectric actuator to its mechanical load. The first section of this 

chapter deals with the definition and analysis of a generalized hydraulic coupler, identifi- 

cation of the key parameters, and evaluation based on mechanical coupling efficiency. 

Trends are shown relating the mechanical efficiency of the device to nondimensional 

parameters describing the relative physical parameters of the actuator-coupler mechanism. 

It is shown that the performance of the coupler is highly dependent on its structural elas- 

ticity. 

The middle section of the chapter deals with the optimization of the valve geometry (the 

drive piston geometry is identical). Several potential designs are introduced and a final is 

chosen for the prototype. The performance of the pump is then examined fi-om a static 

standpoint by comparing the maximum achievable pressure to the ideal. 

The latter part of the chapter presents tools with which the integrated system can be ana- 

lyzed from a dynamic standpoint. A derivation of the governing state-space equations dur- 

ing time intervals when the system behaves linearly is performed, permitting calculation 

of the dominant system resonances. A discussion of energy tracking in MHSTs follows, 

along with equations quantifying the input, output, dissipated, and stored energies in the 

devices. The primary performance metrics, namely, power density and efficiency, are then 

defined in terms of the energy equations. 
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4.2 Geometry Optimization 

4.2.1 Canonical Hydraulic Coupler 

The generic hydraulic coupler, illustrated in Figure 4.1, consists of two rigid pistons, an 

elastic tube, and a contained compressible working fluid. The tube has an inner radius, r, a 

wall thickness, t^^„ a length, L, a density, Pt, and a modulus of elasticity, Ef. The contained 

fluid column has a density, pp and bulk modulus, Kf. We define the active material element 

to be a cylinder with a length, /, a density, p^^^ and a radius that is equal to the inner radius 

of the tube. For simplicity no hydraulic amplification is present and the pistons are of 

equal area. 

N. 
^ 

Hydraulic fluid 

Coupler wall   / t      Control volume 

Nj T ??? 

"2 "-^-nj 

Figure 4.1   Canonical hydraulic coupler 

The device has two generalized displacements, nj and n2, and two corresponding general- 

ized forces, NJ and N2. The forces and displacements in the coupler are related by 

N = '^1 

.^2 
= ^11 ^12 

_^21 ^22 

«1 

"2 

= Kn (4.1) 

The coupler is connected to the load at DOF 1, and the piezoeletric actuator is connected 

to the coupler at DOF 2. The piezoelectric actuator characteristics are given by 

^act =  Kct^act + ^b (4.2) 
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where N^^j is the force on the actuator, k^ct is the stiffness of the actuator, n^ct is the actua- 

tor displacement, and A/^, is the blocked force capability of the actuator. By compatibility 

and equilibrium 

^act = "2 
(4.3) 

Actuation Energy 

The actuation energy of the actuator-coupler mechanism is defined as 

Uoct = 2(^1)^-("I)/r (4.4) 

where (Nj)^, and (nj)^. are the blocked force and free deflection capabilities of the mecha- 

nism, respectively. Use of actuation energy as a valve performance metric provides a con- 

venient means to favor those designs possessing both large valve deflections and high 

actuation authority. 

Mechanical Efficiency 

The effectiveness of the coupler depends on the stiffness of the tube structure and the com- 

pressibility of the working fluid. Any compliance that exists in the system will absorb 

energy during actuation and reduce the force at the output. In 1997 Precha and Hall pre- 

sented a method for evaluating actuator-load couplers by defining the mechanical coupling 

efficiency of the mechanism as 

ti        _  ^h^ct  
^mech 2  (4-5) 

where k^^^ is the stiffness of the piezoelectric actuator and is given by 

Kct = —j- (4.6) 
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The quantity represents the ratio of actuation energy output to the work supplied by the 

actuator. If mass conservation is applied to the coupler control volume using the same 

assumptions stipulated for the pump chamber in Chapter 3, an expression for the force at 

the output is obtained 

N = {^f^ + ^y\A^n,-A^n^) (4.7) 

where A is the cross-sectional area of the tube bore and the actuator. The pistons are of 

equal area so the force, N, is the same at both. An expression for the structural tube capac- 

itance, Cy, can be obtained by considering the hoop stress in the shell 

Et 
Cs = r^ (4.8) 

The stiffness terms for the coupler (tube and fluid) are obtained by comparing (4.7) with 

(4.1) 

^11 = hi = C^A ^^^^ 

where C^ is the total capacitance of the system corresponding to the premultiplying term 

in (4.7). Recognizing that the actuator and coupler constitute springs in series, we can 

write the equivalent stiffness of the coupler-actuator mechanism, k^ as 

Inserting (4.9) into (4.5) the mechanical efficiency becomes 

nmech =  I  (4-11) 

^11 
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where it can be seen that the mechanical efficiency can be made arbitrarily close to unity 

by making the coupler arbitrarily stiff. Expanding (4.11) in terms of the design variables 

we obtain 

If we define the following non-dimensional parameters 

'• = 7 r' = L e- = ^l     k* = ^-f (4.13) 

then (4.12) may be recast as 

"^mech^ [/*(^* + 2e*/-*)+l]-i (4.14) 

Figure 4.2 shows the dependence of mechanical efficiency on the design parameters. It can 

be seen in plot (a) that, for cases when the actuator, structure, and fluid are of comparable 

stiffness, it is impossible to achieve a reasonable efficiency using a thin-walled tube unless 

the coupler is extremely short. However, as r* becomes small (corresponding to the case 

of a fluid channel embedded in a rigid solid medium) the requirements on /* become 

somewhat relaxed. Additionally, plot (b) indicates the need for extremely stiff coupler 

materials to achieve high efficiencies, even when the geometry aspect ratios approach 

unity. 

Further insight may be gained by looking at the effects that different materials have on the 

mechanical efficiency of a hypothetical coupler design. Consider a cylindrical piezoelec- 

tric actuator with a diameter and length of 1 cm, and a coupler tube with a length of 1 cm, 

an inner diameter of 1 cm, and a wall thickness of 1 mm. Table 4.1 shows the mechanical 

efficiencies of the hypothetical design using different engineering materials and Hquids. It 

is clear that the mechanism has an inherently low efficiency, a result of the high stiffness 

of the piezoelectric actuator. 
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j] vs. dimensions (l<*=1, e*=1) T| vs. material properties (l*=1, r*=1) 

r* 10'   10^ 

Figure 4.2 Mechanical efficiency versus the geometric parameters /* and r* and the material parameters e* 
and k*. Plot (a) varies /* and r* while keeping the material parameters arbitrarily fixed at e* = A:* = 1. Plot 
(b) varies e* and k* while keeping the geometric parameters arbitrarily fixed at /* = r* = 1. 

TABLE 4.1    Mechanical efficiencies of hypothetical coupler using various materials (%). 

Liquid 
Tbbe material 

Al Stainless steel Si SiC 

H2O 1.4 1.7 1.7 1.8 

Hg 4.5 8.6 8.6 13.6 

Although no dynamic effects were considered in their formulation, the actuation energy 

and coupling efficiency of a hydraulic component are effective tools for initial MHST 

design optimization. High bandv^^idth microhydraulic systems possess an inherent design 

conflict: in cases where component actuation occurs through elastic deformation of a 

structural member it is desirable to make the member very compliant, thereby maximizing 

the deflection, but minimum bandwidth specifications place a lower bound on structural 

stiffnesses. The insight gained from the analysis of the canonical coupler is useful when 

evaluating the valve mechanism as a hydraulic coupler between the active valve element 

and the fluidic load it acts against. In this instance, the valve superstructure acts as a spring 

in parallel with the active element and restricts the piezoelectric's deflection. If the coupler 

is made completely rigid a perfect efficiency is possible, but this would prevent motion at 
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the output (the valve cap) and U would be zero. Likewise, a flexible superstructure would 

permit large output deflections but possess very little closing force, resulting in a poor effi- 

ciency. Prechtl and Hall show that ah optimum coupling efficiency exists, rC^g^^, when 

there is a mechanical impedance match between the active element and the coupler; this 

optimal value is given by [Prechtl and Hall, 1997] 

r\^ech = j== (4.15) 
2-^,2+271-^12 

where 

^12 = -^f=^ (4.16) 
v*^ 11*22 

Although design restrictions stenmiing from dynamic effects may prohibit attainment of 

this optimum, the use of t/^^, and T]^^^;, as performance metrics, in conjunction with other 

considerations, constitutes a useful design methodology for MHST valves. 

4.2.2 Prototype 

Valve 

The objective in designing MHST valves is to create an efficient mechanism capable of 

large deflections, large actuation forces, and high bandwidth. Because of the importance 

of nonlinear dynamic effects, ultimate evaluation of any valve design must be made by 

considering its performance in the system simulation. The valve design procedure, then, is 

an iterative process whereby a geometry is created based on estimates of the required 

parameters, modeled and evaluated using finite element methods, simulated in the system 

model to assess performance, then modified for improvement. 
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Performance Optimization 

The goal for the prototype was to design a valve, based on the size and geometry described 

in Chapter 2, that was capable of at least 20 jxm free deflection and 20 kHz operation (val- 

ues arrived at through estimation and intuition). The design procedure was then translated 

into an optimization of the actuation energy and mechanical efficiency subject to these 

constraints. After several random iterations, six potential valve designs were selected for 

closer study. Table 4.2 summarizes the best performance of each design. The procedure 

used to identify the optimum values is presented below using Design 6, the one selected, 

as an example. 

TABLE 4.2  Comparisons of six considered valve designs^ 

VALVE DESIGN 1 2 3 4 5 6 

Variables 

diameter - outer 8.0 8.0 4.0 4.0 8.0 8.0 

diameter - piston (db) 5.7 5.7 2.8 2.8 5.7 5.7 

height - hydraulic chamber 0.6 0.6 0.6 0.6 0.6 1.1 

height - piezoelectric 1.0 0.5 1.0 0.5 1.0 1.0 

diameter - piezoelectric 2.0 2.0 1.0 1.0 1.0 1.0 

diameter - hydraulic chamber 6.0 6.0 3.0 3.0 6.0 6.0 

diameter - valve membrane (dv) 1.0 1.0 0.7 0.7 1.0 1.0 

Structure 

Valve mechanism mass 0.32 0.28 0.08 0.07 0.30 0.36 

Hydraulic amplification 38 29 25 26 48 60 

First resonance 27 27 66 66 23 27 

Performance 

Applied electric field 1.0 1.0 0.7 1.0 1.0 0.8 

Valve deflection 65 20 29 18 77 78 

kjAll 38 49 12 19 12 8 

pActuation energy density, Uact 20 2 54 26 23 23 

Mechanical efficiency, ^mech 1.2 0.3 6.8 4.0 5.9 10.6 

mm 

mm 

mm 

mm 

nrni 

mm 

mm 

kHz 

kV/mm 

^m 

mJ/kg 

% 

a. Design 6 selected for the baseline system 



118 OPTIMIZATION AND ANALYSIS 

dv*^      |-«- 

Figure 4.3  Primary valve design dimensions 

The valve was designed with prototype fabrication in mind and many of the initial dimen- 

sions were arbitrarily chosen (see Chapter 2). Initial FEM analyses indicated that the valve 

performance was particularly sensitive to two dimensions: the piston diameter, db, and the 

valve membrane diameter, dv, shown in Figure 4.3. Optimization of the geometry with 

respect to these variables was performed assuming all other dimensions were fixed. The 

results are shown in Figure 4.4. When dv is made small, the clamped boundary conditions 

caused by the adjoining structures restrict its deflection and the resulting actuation energy 

is reduced. When dv is made large, the valve deflection is again small because the ratio of 

piston to diaphragm areas is reduced and because the larger, more flexible diaphragm 

deforms outward and relieves the internal pressure, lowering the amplifier stiffness. 

Figure 4.4 shows that an optimal value of rfv = 1 mm exists where these effects are bal- 

anced. Similar behavior is seen when db is varied. A small db means that the flexible pump 

diaphragm is large and relieves the hydraulic pressure. When db is large it becomes 

clamped near the diaphragm tether point and no longer moves as a rigid piston when actu- 

ated. The resulting volume displacement is smaller resulting in a smaller valve deflection. 

The optimal value was found to he db = 5.7 mm. 

FEM Stress Analysis 

The design of the hydraulic amplification valve is limited by the maximum stresses allow- 

able in the structure, especially the membranes. Single crystal Si is a brittle material with a 

fracture strength that depends on its orientation and surface finish. "Since the surface flaw 

population depends on the micromachining process, it is important to obtain strength data 



Geometry Optimization 119 

dv (mm) 

%.7    0.8    0.9      1      1.1     1.2    1.3 
dv (mm) 

Figure 4.4  Dependence of valve actuation energy density on the design parameters dv and db. 

from specimens produced by the relevant fabrication route" [Spearing and Chen, 1997]. 

Unfortunately, detailed fabrication data is not available at this stage in the feasibility study. 

The most important missing information is the achievable surface finish and the radii of 

the comers at the diaphragm tether points, where the stress concentrations are expected to 

be greatest. Since the purpose of this feasibility study is to quantify the performance of a 

hypothetical MHST, estimates of the Si fracture strength were made, based on available 

data, with the intent of approximating the performance achievable after significant micro- 

fabrication research. Spearing and Chen found that chemically polished Si exhibited a ref- 

erence strength, %, greater than 4 GPa. Based on material strength tests, they conclude 

that "an allowable stress of 1 GPa is a conservative value for structural design purposes," 

and that "achieving adequate fillet radii to limit stresses to this level is a key fabrication 

task." The final valve design experienced a maximum principle stress of Oj^^-O.S GPa in 

the valve diaphragm during fiiU actuation. The achievable fillet radii, and therefore stress 

levels, at the tether points is unknown at this time. Determination of this data is a principal 

objective of prototype fabrication and testing. 
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Figure 4.5 First structural (a) and acoustic (b) modes of the valve mechanism. The deflection of the piston 
in (a) IS so small compared to the valve disc displacement that it is not visible. 

A modal analysis of the valve was performed to determine the shapes and frequencies of 

the relevant modes. Figure 4.5 shows the structural and acoustic shape of the first mode. 

The frequencies of the first four are listed in Table 4.3. The structure was designed such 

that the first mode corresponded to movement of the valve cap, and not the radial mode of 

the piston. 

TABLE 4.3  Frequencies of the first four valve modes. 

Mode:    1 

Frequency (kHz):   23.4 

2 

68.6 

3 

151.0 

4 

198.1 

Pump Chamber 

Since the displacement amplifier geometry is the same for the valve as for the drive mech- 

anism, the components differ only in the ceiling structure. The pump chamber has a solid 

ceiling and is therefore stiffer than the valve. A good method for evaluating the effective- 

ness of the chamber is to compare the maximum pressure of the pump with the ideal pres- 

sure resulting from an infinitely stiff structure and fluid. With respect to equation (3.23), 

the stiffness of the chamber as seen by the piezoelectric is 
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K = CAlis (4-17) 

If we redefine the non-dimensional parameter e* to be the ratio of piezoelectric-to-cham- 

ber stiffness 

e* = -S- (4.18) 

then (3.23) can be recast as 

fmax       V. e* + 1 y      P^max ^        ' 

Figure 4.6 below plots equation (4.19) versus e* for the prototype design, where the pres- 

sure has been normalized to the ideal pressure described by equation (3.24), repeated here 

for clarity 

^Pn.ax\aeal = f-^^p\ax (^.20) 

The maximum pressure of the prototype design is 1.2 MPa (44% of the ideal value of 2.6 

MPa) and is indicated by the circle on the plot. 

4.3 System Analysis 

4.3.1 Linear Approximation 

If the valve response times are significantly fast compared to the drive frequency then the 

system is nearly linear in those intervals where one valve is completely open and the other 

is completely closed. During these intervals the closed valve decouples the dynamics of its 

flow channel from the rest of the system, and the viscous resistance of the open valve 

remains constant. The result is a scenario where the drive inertia interacts with the fluid 

inertia though the hydraulic capacitance of the chamber. This condition is illustrated in 
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^max   '"max'ideal 

Figure 4.6 Maximum pump chamber pressure versus the ratio of piezoelectric-to-cham- 
ber stiffnesses. The pressure has been normalized to the ideal pressure of an infinitely stiff 
chamber and fluid. The maximum pressure of the prototype design, p_^, is indicated by 
the circle. 

Figure 4.7, along with an equivalent mechanical system. Referring to equations (3.11) and 

(3.18), the generalized displacements are defined as 

«! (4.21) 

«2 = JQdt 

where nj is the deflection of the piezoelectric element and n2 is the volumetric displace- 

ment, or the volume of fluid that has flowed from the chamber into the channel during the 

interval. The hydraulic amplification caused by the piston is modeled as a pinned lever in 

the mechanical analogy, where the ratio of the moment arms, r2/r,, represents the ampli- 

fication magnitude. 

The natural frequencies of the system may be calculated by deriving the linear equations 

of motion for the system during the interval, placing them in state-space form, and solving 

for the eigenvalues of the system matrix. To illustrate, the state-space equations of motion 

for the MHST actuator during the linear interval are derived below. The analysis of the 

power harvester is identical but results in an additional equation, corresponding to the sen- 

sor equation (3.4), because the piezoelectric voltage state is a free variable. 
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Figure 4.7   Equivalent mechanical system during linear interval 

Consider the case when, during actuator operation, the inlet valve is open and the outlet 

valve is closed. The resistance of the outlet valve can be derived by approximating its posi- 

tion during the interval as 

(4.22) 

where F^ is the opening force applied to the valve and a is the valve stroke. Equation 

(3.35) can then be used to calculate R^, and the total resistance seen by the fluid is given 

by (3.44). 

Ql is then arbitrarily set equal to zero in (3.5) to enforce the closure of the inlet valve (g^ 

may just as easily be selected). Recognizing that the volume of fluid in the system during 

the interval is now a constant, and that 
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V^ » AV (4.23) 

(which is vaUd for those designs where the chamber height is significantly greater that the 

deflection of the piezoelectric), the total hydraulic capacitance of the chamber also 

becomes constant. Integrating equation (3.5) with respect to time, we have 

p, = C,iAV-JQJt) (4.24) 

where the constant hydraulic capacitance is 

(4.25) 

Substituting (3.20) and (4.24) into (3.18) and (3.42) to eliminate p^ and AV yields the lin- 

ear equations of motion for the system 

^y^(k^ + cAjis)y-\isCcJQodt-ev^ = o 

(4.26) 

(4.27) 

Using the generalized displacements defined in (4.21) the above equations can be put into 

state-space form. 

n. 

n- 

n- 

«/ 

0 
0 

0       1    0 

0       0    1 

(K + CAl,s)    M„. c   pis 

M 

Pif 

M 

C 

££f 0    0 

R ._£.    0- 
plj pi /J 

p   -, 0 0 
"l 0 0 
«2 

«3 

+ 0 
M 0 

"4 0 1 
p/J 

(4.28) 

System resonance during the linear interval can then be determined by numerically solv- 

ing for the eigenvalues of the system matrix. The first mode typically corresponds to the 

interaction of the fluid inductance with the chamber compliance, while second mode 
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describes the higher frequency oscillation of the drive structure. Hereafter in this report, 

the natural frequency of the system, f^, will refer to the first mode. 

4.3.2 Energy Tracking 

Tracking of the power flow through the system during operation is one of the most effec- 

tive tools for understanding its behavior and provides the basis for performance evalua- 

tion. To enable complete energy tracking, equations are needed that describe the 

electromechanical energy conversion in the piezoelectric, the potential energy stored in 

the system elasticities, the kinetic energy stored in component momentum, the energy dis- 

sipated due to viscous forces, and the hydraulic and electrical energy transfer across the 

system boundaries. If only steady-state performance over many pump cycles is sought 

(e.g. the hydraulic power output compared to the electrical power input for the actuator), 

then the total transferred and dissipated energies will most likely be large compared to 

potential and kinetic energies stored in the system at the end of the cycles, and the latter 

need not be considered. However, numerical simulation of stiff fluidic systems is often 

computationally expensive and permits the integration of only a few pump cycles. In this 

case, and during investigation of dynamic transients during start-up, the potential energy 

of the system may be large and must be included in the simulation analysis to verify that 

the model is thermodynamically conservative. The equations needed to adequately track 

the system energies, along with the mathematical definitions of the energy based perfor- 

mance metrics, are presented below. 

Convention 

The discussion of energy tracking is greatiy simplified if a notation is intiroduced which is 

capable of compactly describing the exact nature of the energy. The convention adopted in 

this work is as follows 

Energy = (K)^'^ (4.29) 
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The quantity in brackets is either energy, U, power, P, energy density, ED, or power den- 

sity, PD. The subscript 1 refers to the energy type, 2 to the energy behavior, and 3 to the 

component involved. 

TABLE 4.4  Sub- and superscripts for energy notation 

(l)Type (2) Behavior (3) Component 
m mechanical I into drive drive mechanism 
e electrical o out of V valve 
k kinetic s stored P piezoelectric 
c elastic d dissipated f 

ve 

hpr 

s 

sys 

fluid 

valve - excursion 

high pressure reservoir 

chamber structure 

total system 

For consistency all quantities reflecting the energy being accumulated in the system are 

expressed as energies at some instant in time, while the quantities expressing rates of 

energy transferal remain in their natural states as power. For all cases of power flow, the 

total energy transferred or dissipated over a time interval, t, is given by 

» + T 

f/   =      J   Pdf (4.30) 

Stored Elastic Energy 

The high pressures experienced by MHST systems can cause significant deformations in 

the device components and store elastic energy in them. The equations quantifying the 

stored elastic energies at any instant in time during the simulation are listed below. 

^V = ^v (4.31) 

U"'' = -k x^ 
"        2 *" (4.32) 
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If f 

ur = ic,p^ 

s         1 
2 

Uip'r = ■  2    hpryhpr 

(4.33) 

(4.34) 

(4.35) 

Electromechanical Energy Conversion 

An expression for the electrical power supplied to the piezoelectric element can be derived 

using the sensor and actuator equations. If (3.18) and (3.19) are differentiated with respect 

to time and then combined to eliminate y, an expression for the current, i, is obtained. The 

electrical power input to the element is given by 

p p 
(4.36) 

Substituting our expression for / into this relation we obtain expression for the electrical 

power into the piezoelectric. 

Pj'' = V. \^^<h- 
@A pis 

>     J 
(4.37) 

The mechanical power output from the piezoelectric is the product of the force and veloc- 

ity of the piston. 

Pp =  PApisy (4.38) 

Eliminating y using (3.18) this expression becomes 

m, o 
= P. Ir ^P Ir     Pc 

\ 

(4.39) 
J 
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Stored Kinetic Energy 

High frequency pump operation can cause high flow velocities, resulting in large momen- 

tums for the fluid slugs in the channels. The kinetic energy stored in this momentum, as 

well as that stored in the motion of the drive and the valves, is quantified below. 

V^drive =  2^f (4.40) 

U^   = -m^x^ (4.41) 

^t = b^Qlo (4.42) 

The subscripts i and o in the last equation indicate that it may be applied to either the inlet 

or outlet channels. 

Dissipated Energy 

The flow of viscous fluid in MHSTs converts mechanical into thermal energy. The extrac- 

tion of mechanical energy from the system manifests itself as a pressure drop across the 

flow channel, while the conversion to thermal energy results in an increase in the tempera- 

ture of the fluid and surrounding medium. For most practical cases the conversion is irre- 

versible and the energy is considered lost. This viscous energy dissipation is the primary 

energy loss mechanism in microhydraulic systems. 

The dominant dissipation sites correspond to the areas where the largest viscous pressure 

drops occur, namely, the flow channel sections and the valve gap. Equations describing the 

dissipation in these regions may be derived by performing an energy balance on each sec- 

tion. The result is that the mechanical power dissipated in any flow region can be 

expressed as 

P'"'    = Q- A/7 (4.43) 
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where Q is the flow through the section, and Ap is the pressure drop across it. 

Energy is also expended during valve actuation. The valve structure itself is entirely con- 

servative. The piezoelectric is, from an electrical standpoint, a capacitor and expends no 

energy when stationary. Dissipation occurs, however, during valve excursion because of 

the viscous resistance of the fluid on the valve cap and diaphragm. While this energy 

expenditure is relatively small in the actuator case (compared to the primary power flows) 

it is an important consideration when evaluating the power harvester. The mechanical 

power dissipated during the valve excursion is given by 

P^'^ = F^{t)x ' (4.44) 

Although this relation is exact, it must be remembered that the natures of the motion- 

dependent fluidic forces experienced by the valve are largely unknown. Equation (4.44) is 

therefore of limited usefulness in predicting the power requirements of the valve until the 

fluidic forces are experimentally characterized. 

Power and Energy Density 

The HPR diaphragm is very flexible and stores little energy, so the hydraulic power output 

from the mechanism is assumed to be the same as the hydraulic power supplied to the 

HPR and is expressed as 

P7;: = Pi;pr=Qo-Phpr (4-45) 

The mass-normalized power density, or specific power, of the actuator is then defined as 

the hydraulic power transferred to the HPR divided by the overall system mass 

PD ^     hpr ^4 4^^ 

Power density for the power harvester is defined to be the electrical power out of the 

piezoelectric divided by the system mass 
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P 
e, o 

P^ = #- (4.47) 
sys 

In both cases, the power density changes greatly throughout a single pump cycle as flow 

ranges between its minimum and maximum values. For evaluation purposes it useful to 

define the average power density 

(t + tiT 

^^an = ^7^  (4.48) 

where w is an integer number of pump cycles, Tis the cycle period, and ^ is a dummy vari- 

able of integration. The quantity represents the average rate of energy transferal during the 

n cycles. Further discussions involving PD in this report will be referring to this definition. 

The expressions for energy density, ED, are obtained by making use of the relation 

between power and energy expressed in (4.30). 

Efficiency 

Efficiency, x\, is defined to be the useful energy output from the system divided by the 

energy input to it over some time interval. For the actuator 

jjm,o 

^act = -^ (4.49) 
sys 

Efficiency for the power harvester is similarly defined to be 

"^ph = -Sri (4.50) 
^ sys 

4.4 Summary 

This chapter presented the tools with which a microhydraulic system can be analyzed, 

both statically and dynamically. The first section dealt with the definition of a canonical 
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hydraulic coupler as a representative section for the valves. Mechanical efficiency was 

then introduced as a static analysis and design tool for the coupler. The valve was then 

optimized with respect to mechanical efficiency using the finite element model, and a final 

design was chosen. The equations of motion for the system in the time intervals where the 

behavior is nearly linear were derived and cast in state-space form in order to predict dom- 

inant frequencies. The equations needed for energy tracking in the system were presented. 

Finally, the performance metrics of average power density and efficiency were defined in 

terms of the energy equations to evaluate performance during the subsequent parameter 

study. 
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Chapter 5 

SIMULATION RESULTS 

5.1 Introduction 

A realistic prediction of MHST behavior can only be gained by numerically integrating 

the coupled governing equations for the full system. Such system simulations can help to 

predict the dynamic effects that will be seen during operation of the device, and shed 

insight into which design parameters are most responsible for the observed behavior. 

A better understanding of the dependance of system performance on various design vari- 

ables can be obtained by first selecting an arbitrary design, then perturbing those constitu- 

ent parameters that are suspected to have the greatest discemable influence on behavior. 

Evaluation of the results of these perturbations often provides information that can lead to 

better designs. A large number of primary parameters (e.g. geometric dimensions and 

material properties) are required to fully describe a MHST design and many of them affect 

multiple secondary characteristics (e.g. flow resistance and inertia). As a result, it is not 

practical to study variations in every parameter. However, the information gained in previ- 

ous chapters, combined with data from initial computer simulations, suggest which 

parameters should be targeted for closer study. 

This chapter presents the results of the integrated system simulations and a parameter 

study of selected design variables. It begins with the definition of a basline design, then 

explains the behavior observed in the simulation of that design. A parameter study is then 
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performed on seleceted design variables for the purposes of characterizing changes in 

response, acknowledging model limitations, and deducing what modifications will lead to 

an effective final design. The objectives of this chapter are: 

• Definition of a baseline system for the parameter study 

• Simulation of the baseline design and characterization of its behavior 

• Examination of the changes in system behavior resulting from parameter 
perturbations 

• Application of the parameter study results to create a final design for consid- 
eration in feasibility assessment 

The first section of this chapter deals with the definition of a baseline design, simulation of 

its performance, and discussion of the results. Plots of the time histories of the states 

resulting from the first two simulations are central to the discussion and are therefore 

included in the text. In some cases the plots of simulation results obtained during the 

parameter study exhibit interesting behavior; these plots are included in Appendix C of 

this report and are reference by their simulation number. Although the baseline design was 

used as the reference point in the study, several variations of the design were considered in 

the process. These variations (e.g. a system using a different working fluid) are referred to 

as different configurations of the baseline. Only performance during steady-state operation 

is considered. The stored elastic and kinetic energies are therefore not addressed, and the 

performance values reported represent the averages over an integer number of simulated 

cycles. Also, since only the actuation system is simulated, the energy lost as a result of 

valve actuation is not considered. 

5.2 System Behavior 

It is necessary to define a nominal design that will serve as a baseline throughout the 

parameter study. After many random iterations a configuration was found that demon- 

strated the fundamental characteristics of MHSTs and was robust to changes in those 

parameters (robust with respect to integration of the equations). Table 5.1 summarizes the 

properties of the baseline design, configuration A: a mesoscale system with 6 mm diame- 
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ter pistons using water as the working fluid. The most salient entry in the table is the long 

lengths of sections I of the flow channels (10 cm). It was found that when short channels 

were used the natural frequency of the system was significantly higher than the bandwidth 

of the valves due to the high chamber stiffness and small fluid inductance. It was also 

found that excitation of the pump near or above the valve resonance results in loss of flow 

rectification because the valve reaction time is too slow (delayed valve closure results in 

backflow). Therefore, the short-channel system must be run quasistatically with respect to 

the fundamental system frequency. However, as will be seen later in this chapter, adequate 

pump performance can only be achieved by exciting the pump near the system resonance. 

If the valve bandwidth is taken to be a fixed limit, as is the case for most designs, then a 

potential solution is to lower the system frequency either by decreasing its stifftiess (e.g. 

increase chamber compliance) or by increasing its mass (e.g. increase fluid inductance). 

Initial investigations showed that increasing the chamber compliance significantly reduced 

power output. Therefore, the approach used was lengthen section I of the channels. It was 

found that, at the mesoscale, the increase in viscous flow resistance incurred by this 

change was nominal. Furthermore, since resonant operation is a prerequisite for effective 

operation, the added inertia does not hinder system performance. Although eventual 

MHST implementation will have shorter channels, the long-channel baseline design is 

acceptable for the parameter study. 

A computer simlation of of the steady-state operation of baseline configuration A, shown 

below in Figure 5.2, illustrates the steady-state behavior of the design. The calculated per- 

formance for the system was: PD = 1280 W/kg; T| = 21%; g = 236.0 ml/min. Several com- 

ments can be made on the behavior and the information gained while leading up to the 

design. As previously mentioned, it was found that good performance could only be 

gained by forcing the system near its resonance. In fact, excellent performance was 

achieved by driving the pump at/= 1.11/„ (a relation found by iteration). As will be seen, 

complications arise when the system is driven precisely at resonance. It was also found 

that, for this geometry, the best performance was obtained by tuning the system such that 

the natural frequency (and hence the driving frequency) was roughly 1/3 of the valve reso- 
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TABLE 5.1    MHST baseline design characteristics - configuration A. 

Drive Valve Valve Seat 
mp 2e-3g m^ 1.26e-4g ^seat 2.73e9 N/m 

^piston 0.06 g K 2727N/m Y 1 fim 

*P 9.22e7 N/m fn 23.39 kHz Valve stroke' 0.25 

Cs 7.09el7 Pa/m^ Wkcp 8 
k/k. 0.20 Kff 0.25 mm' Channel Section 1 

Jdrive 161.59 kHz height 0.5 mm 

Jdrive 151.74 kHz Field 0.8 kV/mm width 6mm 

y/r 1.4 nm Pb 0.21 N length, Li 100 mm 

^fr 77 Jim R 6.60elOPa/m'/s 
Field IkV/mm Pb 696.79 kPa h 1.57e4m-' 

Pmax 926.13 kPa Pfr 232.69 kPa 

Pma/Pideal 44% ^meck 10.6% Channel Section II 

^d 0.09^11 ED 23 mJ/kg diameter 

length, L,j 

R 

h 

0.59 mm 

0.5 mm 

1.70e8 Pa/m'/s 

1.84e3m-' 
System 

/; =// 6.69 kHz Materials 

f{ 249.68 kHz piezoelectric PZN:PT 

Msys -l.Og structure Si, Pyrex 

Php/Pmax 0.3 fluid water 

a. Stroke = allowed deflection / free deflection 

b. Frequency of the drive with no fluid in the chamber 

c. Frequency of the drive with closed, fluid filled chamber 

d. First mode of the coupled structural-fluid system 

e. Second mode of the coupled structural-fluid system 

nance. When excited at a higher frequency the valve response rolls off, they are not able to 

close, and the flow is not rectified. If operated quasistatically the valve response will 

closely resemble the square wave actuation voltage signal shown below in Figure 5.1 

(repeated from Chapter 1). Dynamic effects, though, are clearly visible in plots (b) and (e) 

of Figure 5.2. The differences in the trajectories of the inlet and outlet valves, as well as 

their relative phasing with respect to the pump (recall that they are actuated 180° out of 
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phase with each other), is due to the fact each experiences different forcing. Although 

pressure balancing eliminates the forces resulting from the pressure acting on the dia- 

phragm and lower surface of the disc, the upper surface of the inlet disc sees a pressure 

level between that of the LPR and the chamber, while the outlet valve experiences a pres- 

sure level between that of the chamber and the HPR. In addition, the fact that the inlet 

valve experiences a force resulting from the momentum transfer of the inflowing fluid 

impinging on the valve disc, while the outlet valve does not, also contributes to the asym- 

metric response. Another interesting effect is the absence of significant backflow even 

though there are periods when both valves are clearly open, which results from the dynam- 

ics of the fluid motions and their phase relations with the valves. Some backflow is visible 

at the bottom of plot (d) when the valves are closed, and is due to the modeled leakage. 

closed 

closed 

Inlet valve 

Outlet valve 

dc*T 

T/4 T/2 
Time 

3T/4 

Figure 5.1   System timing. The pump drive signal may be any periodic 
function (sinusoidal shown for simpHcity). 
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Application of the energy tracking equations given in Chapter 4 provides an explanation 

for the efficiency of the system. Figure 5.3 shows the destinations of the electrical energy 

supplied to the pump over the steady-state cycles of interest. Since the system is operating 

at 21% efficiency, 79% of the supplied energy is being dissipated internally. As the graphs 

show, the viscous flow resistances of the valves themselves, R^(x), account for most of the 

losses. This is a consequence of the valve strokes which are relatively small compared to 

the dimensions of the flow channels. It can also be seen that a small but not insignificant 

fraction of the losses occur in sections I of the flow channels, resulting primarily from 

their long lengths, while the much shorter sections II contribute virtually no losses. Also 

visible is that the system outlet (valves and channels) is responsible for greater energy loss 

than the inlet. The reason for this is linked to the different forcing that the valves experi- 

ence, and the proximity of the driving frequency to the valve resonance. As will be seen 

and discussed in subsequent sections, primarily in Study 11, because the pump excitation 

frequency is within one decade of the valve resonance dynamic effects occur in the valve 

response. One manifestation of these effects is an overshoot in the valve position resulting 

primarily from the valve actuation step, but also from the simultaneous fluidic and pres- 

sure forces. The aforementioned differences in the forces seen by the valves, coupled with 

the cubic dependance of flow resistance on valve displacement, means that the average 

flow resistances of the valves over several cycles can vary greatly. The result is that small 

differences in the respective valve responses are sometimes amplified into large flow dis- 

similarities. Lastly, the graphs show that the structural damping of the drive contributes lit- 

tle to the total system losses. 

The strong dependence of system performance on the valve dynamics suggests that the 

results of independent parameter variations might be difficult to intepret. For this reason, 

prior to commencement of the parameter study, the baseline configuration was modified 

by making the valves artificially fast such that their response time was fast and their 

dynamics became decoupled from the problem. The change was implemented by reducing 

niy by a factor of 100, thereby increasing the bandwidth by 10 and resulting in quasistatic 

behavior from the valves for the same driving frequency. The simulation results for this 
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Figure 5.2 Simulation of actuator configuration A: / = 1.11/„, /„ = 6.69 kHz, fy = 23.4 kHz. Plot 
(a) overlays the pump displacement (solid) with the normalized drive signal (dashed). Plots (b) and 
(d) show the displacements and flows of die inlet (solid) and outlet (dashed) valves. Plot (e) indi- 
cates the phase relations between the normalized pump position (heavy solid), chamber pressure 
(solid), drive signal (dotted), inlet valve displacement (dot-dashed), and outlet valve displacement 
(dashed). 
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Energy Consumption (%) 

Um diss pump 

Dm diss outlet 

Um diss inlet 
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Inlet losses (%) 
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Figure 5.3 Actuator configuration A: energy tracking. The top shows the energy dissi- 
pated m the pump, inlet, and outlet, as well as the useful (fluidic) energy output, as a per- 
centage of the electrical energy supplied to the system. The bottom plots show the losses 
m channel section I, channel section II, and the valve gap, as percentages of the total inlet 
and outlet losses. 

new system, configuration B, are shown in Figure 5.4. Although the valves are now faster 

the performance of the system drops to PD = 188 W/kg; TI = 18%; 0 = 34.6 ml/min. Com- 

parison of the simulations of configurations A and B shows that when the valves are not 

dynamically forced their displacements are smaller (80% less for the inlet, 15% less for 

the outlet). The outlet valve now achieves a larger excursion than the inlet because it sees a 

higher pseudostatic pressure. As previsouly mentioned, the strong dependence of flow 

resistance on valve displacement explains the dramatic differences between the volumetric 

fluid flow and associated power output of the two configurations. It also highlights the sen- 

sitivy of the model to these effects. The true nature of the phenomenon must be deter- 

mined experimentally. 

Also visible in plot (c) are high frequency oscillations in the chamber pressure, a result of 

the excitation of the system's higher "drive" mode, that stems from changes in the valve 

states which occur rapidly with respect to the drive frequency. For example, consider the 
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Figure 5.4 Simulation of actuator configuration B:/= 1.!!/„,/„ = 6.69 kHz./^ = 234 kHz. Plot (a) 
overlays the pump displacement (solid) with the normalized drive signal (dashed). Plots (b) and (d) 
show the displacements and flows of the inlet (solid) and outlet (dashed) valves. Plot (e) indicates 
the phase relations between the normalized pump position (heavy solid), chamber pressure (solid), 
drive signal (dotted), inlet valve displacement (dot-dashed), and outlet valve displacement (dashed). 
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case where the pump is in the supply mode, drawing fluid into the chamber. Throughout 

this phase the drive sees a certain equivalent stiffness. Sudden closure of the valve, how- 

ever, causes the drive to experience a much higher stiffness as no fluid is allowed into the 

chamber. The result is a parametric excitation of the high frequency drive mode. 

Figure 5.5 shows the results of the energy tracking analysis, where the consequences of 

attenuated valve excursions are apparent - nearly all of the viscous losses occur in the 

valve gaps. It is also notable that, as an additional result, the inlet valve is responsible for 

most of the losses in this configuration, which was not true for configuration A. All other 

aspects of the power flow are similar to configuration A. 

Energy Consumpf on (%) 
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Figure 5.5 Actuator configuration B: energy tracking. The top shows the energy dissi- 
pated in the pump, inlet, and outlet, as well as the useful (fluidic) energy output, as a per- 
centage of the electrical energy supplied to the system. The bottom plots show the losses 
m channel section I, channel section II, and the valve gap, as percentages of the total inlet 
and outlet losses. 
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5.3 Parameter Studies 

The study was executed by targeting a parameter suspected to strongly influence system 

behavior and then performing a sweep through some range of values by running multiple 

simulations. The parameters involved and the results observed are summarized in 

Table 5.2. Separate simulations were performed using the parameters found to yield opti- 

mal or anomalous results in order to understand the mechanism(s) responsible. The time 

histories of those simulations believed to shed insight into system behavior are included in 

Appendix C. 

The selection of the subject parameters requires some explanation. The parameters chosen 

can best be classified into two groups: those describing the electrical drive signal, and 

those describing geometric or other mechanical characteristics of the design. They are 

summarized below: 

Electrical excitation 

1. Input waveform 

2. Drive frequency versus system frequency 

3. Valve phasing (with respect to the pump signal) 

Mechanical geometry and loading 

4. Chamber capacitance 

5. Pressure load 

6. Valve leak parameter 

7. Mercury as the working fluid 

8. Carbon tetrachloride as the working fluid 

9. Valve disc diameter 

10. System scale 

11. Drive frequency versus valve frequency 

Due to the previously seen sensitivity of system performance to the dynamics and phase 

relations present, the nature of the electrical excitation is very important. Initial simulation 
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TABLE 5.2    Summary of parameter study. 

Study     Config.    Parameter Best Results 

B waveform square: PD = 239 W/kg; T| = 27%; g = 44.0 mymin 
 triangular: PD = 139 W/kg; ^ = 21%; Q = 25.6 ml/min 

B f=/;/10tolO/„ major peak: PD = 338 W/kg; 11=22%; 0 = 62.3 ml/min 
minor peak: PD = 55 W/kg; T) = 39%; j2 = 10.1 ml/min 
chaotic behavior at when driven at resonance 

  nonfunctional when driven quasistatically 

B <|) = 0°to350° <|) = 80°: PD = 145 W/kg; ii = 45%; Q = 26.7 ml/min 

Cg = 10   to 10    Pa/m      Improving performance with increasing Q 

B             PL'' = 0tol PL = 0.8: PD = 2170 W/kg; Ti = 50%; e= 150.0 mVmin 
_^  PL = 0.7: PD = 16 W/kg; ^ = 38%; Q = 22.0 ml/min 
B Y= 10'^ to lO' \lm Performance rolls off for Y> 3 ^im 

B             fluid = Hg /= 2.01 kHz: PD = 48 W/kg; T] = 18%; G = 8.9 rnVmin 
_5       /= 7.43 kHz: PD = 168 W/kg; TI = 18%; G = 30.9 ml/min 

B             fluid = CCl4 /= 5.88 kHz: PD =146 W/kg; Ti = 17%; e = 26.9 ml/min 
J        /= 7.43 kHz: PD = 281 W/kg; r\ = 18%; G = 51.6 mymin 

^disc = 0-2 to 1 mm ^^ = 0.75 mm: PD = 361 W/kg; ii = 21%; G = 66.4 ml/min 

10 G X=10-^tol0" X = 10-2:PD = 8210 W/kg;Ti= 18%; G=1.5e-3 ml/min 
Performance ceases to increase when X < 10"^ 

" A f/fy = 0Ato0.9 f/f^ = 0.3: PD = 1280 W/kg;ii = 21%; G = 236ml/min 

a. Pressure load (PL)=p^^p^^ 

results indicated that the predicted system performance could be swept through its full 

range of values simply by changing the characteristics of the drive signal. Therefore, all of 

these characteristics - waveform, frequency, and phase - were selected for investigation. 

The choice of mechanical parameters was based on a combination of Chapter 4 analyses, 

intuition, and preliminary simulation results. The chamber capacitance, Q, was targeted 

because of its expected impact on system performance as illustrated by the analysis of the 

canonical hydraulic coupler in Chapter 4. Similarly, knowledge of the impedance match- 

ing condition between the pump and the pressure load prompted an investigation to deter- 

mine the location of the match (i.e. the pressure that would yield the greatest power 

output). The valve leak parameter, y, was also chosen. Since no experimental data exists 

for this parameter, it is useful to determine what value will impact system performance. A 

judgement can then be made with respect to its affect on system feasibility. Water was 

selected as the system's working fluid for reasons which are discussed later. However, fac- 
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tors such as cavitation and thermal considerations that are potentially important for physi- 

cal implementation demand that the feasibility of using other fluids in the system be 

investigated. The diameter of the valve disc, d^j^^, was selected primarily because of its 

somewhat arbitrary initial size. The reasons for studying the effects of scale on system per- 

formance were discussed in detail in preceeding chapters. Finally, the proximity of the 

system resonance (and related drive frequency) to the valve frequency is explored to deter- 

mine how fast the pump can be driven, and therefore how much power can be output, 

before the valve bandwidth limits performance. 

Electrical Excitation 

Study 1: Input waveform 

All of the initial model simulations leading to the baseline design were performed using a 

sinusoidal drive signal with the intent of exciting the system resonance. The signal, how- 

ever, can be any periodic function. The valves were always driven with a square wave 

operating with a 35% duty cycle. It was initially unknown how the system would respond 

to different waveforms. Two other possibilities were investigated: a first order square wave 

(Simulation la) and a triangular wave (Simulation lb). A pure (zeroth order) square wave 

was not used because it strongly excited the system dynamics. The results were that the 

square wave generated PD = 239 W/kg; Tj = 27%; Q = 44.0 ml/min while the triangular 

wave provide PD = 139 W/kg; T| = 21%; Q = 25.6 ml/min. Both excited a sinusoidal pres- 

sure signal. Although the square wave seemingly provides better performance, the high 

frequency oscillations incurred would in most cases make it unsuitable for driving the sys- 

tem. Simulations were performed with this waveform using configuration A (i.e. realistic 

valves) and it was observed that the pressure fluxuations completely disrupted flow rectifi- 

cation. The conclusion for this study is that a sine wave is the best drive signal for the 

MHST. 
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Study 2: Drive frequency versus system frequency 

System performance is highly dependent on the excitation frequency,/, of the pump. As 

previously mentioned, it is necessary to drive the system near resonance to obtain reason- 

able performance. The reason for this can be partially understood by investigating the 

behavior of the system under quasistatic excitation, which was done in Simulation 2d. It 

can be seen in the state time histories that the system resonance is excited and extreme 

pressure oscillations occur (even though the pump vibration amplitude is small the nearly 

incompressible fluid in the chamber amplifies this into high pressures). In fact, the pre- 

dicted oscillations are so large that the flow is not rectified. However, it must be remem- 

bered that the model cannot predict the damping that will occur in this regime (e.g. 

frequency dependent acoustic damping at the piston-fluid interface) and the accuracy of 

this simulation is questionable. Intuition suggests that, at some low frequency where 

enough oscillations occur that they become completely damped, the pump will certainly 

function. Such low frequency operation, however, would produce very little power and is 

consequently of litUe interest. Therefore, for the purpose of MHST feasibility assessment 

it can be concluded that the pump will not function if operated significantly below the sys- 

tem resonance. 

The logical next step is to investigate the frequency response of the system and find the 

optimal if it exists. The results of this analysis are shown in Figure 5.6, where a clear peak 

in the output power is visible near the system's natural frequency. The peak is centered at 

5.35 kHz, slightly below the system resonance of 6.69 kHz. Also distinctly visible is a 

minor peak at 1.60 kHz, or 1/4 of the resonance. It is clear that excitation at frequencies 

significantly higher than /„ result in poor power output. The efficiency plot is approxi- 

mately the inverse of the PD plot because the same high flow rates that provide the hydrau- 

lic power also result in greater viscous losses through the valves and channels. As 

expected, efficiency peaks when the power level is minimal. An anomaly was identified 

during the frequency sweep when/=/„; it is not included in the plot, but is studied below. 

Three cases were identified for further investigation: (1) operation at the major peak, (2) 

operation at resonance (3) and operation at the minor peak. 
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Figure 5.6 Parameter study 2: performance of configuration B versus drive frequency, 
/. The frequency of the baseline/= 1.11^ is indicated. The anomaly at/=/„ is not 
shown. The dots correspond to simulations included in Appendix C. 

The first case considered. Simulation 2a, was operation at the major peak,/= 0.8/„ = 5.35 

kHz. It can be seen that the dynamics of the system are such that the chamber pressure 

experiences a fluctuation near its peak that causes a rapid oscillation in the outlet flow. The 

performance is significantly higher than the baseline but successful implementation would 

almost certainly require avoidance of the pressure jump. 

Operation of the system at resonance was considered next. Given that the best perfor- 

mance is obtained by exciting the system's natural frequency, it is logical to suspect the/= 

fn = 6.69 kHz will yield the optimal results. Indeed, this was true for several designs con- 

sidered in preliminary simulations. However, configuration B exhibits an interesting phe- 

nomenon when driven at resonance. The time histories of the states over 30 cycles are 

shown in Simulation 2b. Although no detail is visible, it is evident that the system experi- 

ences chaotic behavior near the 24th cycle, where a phase inversion occurs between the 

chamber pressure and the pump, resulting in flow reversal. It is unclear whether this 

behavior would manifest itself in a physical system. 

The last case considered was operation at the minor peak,/= 0.25/„ = 1.60 kHz. Inspec- 

tion of Figure 5.6 suggests that the peak represents a harmonic of the system. Simulation 

2c was performed to characterize the system's behavior at this frequency. The perfor- 
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mance predicted is PD = 55 W/kg; T| = 39%; g = 10.1 ml/min. Since the driving frequency 

is 1/4 of the resonance there are exactly 4 fluid oscillation periods for every pump cycle, 

but because the system timing is such that exactly 1.5 periods occur when each valve is 

open, roughly twice as much fluid flows forward as backward, resulting in a positive net 

flow rate and a peak in the system's power output. A study of possible system harmonics 

was conducted by sweeping through a series of drive frequencies and taking the power 

spectral density (PSD) of the ensuing state responses. The magnitude of the outlet flow, 

Qg^f, is of particular interest because it is the best indicator of the power output. The 

results are shown in Figure 5.7 where the presence of superharmonics can be clearly seen. 

In addition to the predicted system resonance, a significant peak is visible on the 4th har- 

monic line corresponding to Simulation 2c. Two things were concluded from this study: 

(1) that the best performance is obtained by operating near (but not necessarily at) the sys- 

tem resonance, and (2) that the system possesses significant harmonics. 

Nonlinear Harmonic Response 

0.5 1 1.5 
Normalized drive frequency 

Figure 5.7 Harmonic analysis showing the relation between the input electrical signal 
and the output, (2o„,.The x-axis is the drive frequency normalized to/„; the y-axis is the 
response frequency normalized to/„. The brightness reflects the magnitude of the response 
calculated on a log scale. The first radial line shows a 1:1 correspondence between the 
input and output frequencies, while the remaining lines indicate the presence of 2nd, 3rd, 
and 4th superharmonics. The spotted regions at left are an artifact of the plot resolution. 
The arrows correspond to simulations included in Appendix C. 
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Study 3: Valve phasing 

System behavior is extremely sensitive to the phasing of the valves with respect to the 

pump drive signal. Initial simulation results indicated that small variations in the drive sig- 

nal produced changes in the system dynamics, such as the phase relation between the 

pump position and pressure, that could completely change the flow pattern. Figure 5.8 

shows the power output of the system versus valve phase, where a well defined optimum 

exists at ([) ~ 80°. Simulation 3a was performed using this value with the following results: 

PD = 145 W/kg; T| = 45%; Q = 26.7 ml/min. Very clean signals with syirraietric spacing 

are visible. Figure 5.9 illustrates the greatly improved efficiency realized by this change in 

phase. Virtually no energy is dissipated in the drive because the higher dynamics are not 

being excited, and the lower maximum flow velocities dissipate less energy. The price is a 

lower power density. It is evident that the performance drops suddenly if a critical phase of 

approximately 100° is reached, which results in backflow. The conclusion from this study 

is that, although the optimal valve phase value of 80° is conditional on the design parame- 

ters and cannot be generalized to other configurations, changes in valve phasing for any 

given design can result in drastic changes in system performance and may, in some cases, 

allow for tayloring of the performance numbers. 
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Figure 5.8 Parameter study 3: performance of configuration B versus valve phase, 
<[). The nominal value of 0° is indicated. The dot corresponds to a simulation included 
in Appendix C. 
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Figure 5.9 Simulation 3a energy tracking. The top shows the energy dissipated in the 
pump, inlet, and outlet, as well as the useful (fluidic) energy output, as a percentage of the 
electrical energy supplied to the system. The bottom plots show the losses in channel sec- 
tion I, channel section II, and the valve gap, as percentages of the total inlet and outlet 
losses. 

Mechanical Geometry and Loading 

Study 4: Chamber capacitance 

The analyses presented in Chapter 4 suggest that the stiffness of the pump chamber greatly 

impacts the power levels of the system. In this section, the importance of the parameter 

was characterized by running a series of simulations with different values for Q. The 

results are shown in Figure 5.10. In the limiting case of a very compliant chamber (small 

Q) the power level approaches zero. It is apparent that the present design, while not ideal, 

is within 20% of the asymptotic value corresponding to an infinitely stiff chamber (for the 

given pressure load). When considering different designs for the baseline, it was realized 

that an alternative to the "long-channel" solution existed: the system frequency could also 

be lowered by decreasing the chamber capacitance, for instance, by adding flexible mem- 

branes to the chamber ceiling structure. When Q is reduced by a factor of 175 and short 

channels are used (Lj = 1 mm) the system frequency becomes the same as the nominal,/= 
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6.69 kHz. This system is designated configuration C. Simulation 4a shows the states of the 

device when driven at/= 1.11/„. The performance is predicted to be PD = 11 W/kg; TJ = 

18%; Q = 33.7 ml/min, significantly below the values of configuration B. Most noticeable 

in the time histories of the states is the close following between the drive signal and the 

pump position. The low power output is the result of the much lower pressures being gen- 

erated in the chamber due to the increased flexibility of the chamber. It must be noted, 

however, that such a system will have a different optimal pressure load than a stiffer sys- 

tem, an effect that is explored in the subsequent study. The conclulsion reached in this 

study is that a reduction in the chamber stifftiesss greatly reduces the performance of the 

system, and the benefits derived by such a modification (e.g. tuning of the system reso- 

nance) are probalby not worth the penalty incurred. It is further concluded that the system 

efficiency is very insensitive to Q. 
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Figure 5.10  Parameter study 4: performance of configuration B versus chamber com- 
3:„ pliance, Q. "Die nominal value of 7.09el7 Pa/m is indicated. 
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Study 5: Pressure load 

The power output of any hydraulic pump depends greatly on the pressure load it is acting 

against. Therefore, to maximize the performance of the MHST it necessary to find the 

optimal load. In quasistatic operation the optimal load is nominally one-half of p„^. 

However, other effects make the issue more complicated. This is illustrated below in 

Figure 5.11, where the PD curve is not the smooth parabola centered at 0.5 that was 

expected. Two effects explain its shape. First, partly because the valves in configuration B 

are inefficient, and partly because of the flow dynamics, the greatest power output is seen 

when the pressure is high and the flow rate (which determines the losses) is low, and the 

net effect is a shift of the parabola to the right. Second, the high pressures act on the upper 

valve surfaces and tend to force them open, reducing the flow resistance and boosting per- 

formance. The result is a vertical distortion of the curve in the high pressure regions and 

extremely high power outputs. It is believed that the large valve deflections caused by 

these pressures would, in fact, fracture the valve diaphragms. Therefore, the performance 

benefits due to this effect must be acknowledged as a limitation of the model and should 

not be considered as a viable design option. 

PD (W/kg) Efficiency {%) 

P^  fP 

Figure 5.11   Parameter study 5: performance of configuration B versus the normal- 
ized pressure load, PhprfPmax- The nominal value of 0.3 is indicated. 
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For comparison, the analysis was repeated using configuration C, defined above, as the 

subject system. The results are show in Figure 5.12. Due to the large pressure reductions 

caused by the compliant chamber, the effects mentioned in the preceding paragraph are 

absent and the expected curve is obtained. It can be seen that the maximum achievable PD 

is 15 W/kg. Noticeable in both Figure 5.11 and Figure 5.12 is that the power output is pos- 

itive even when PhprJPmax = 1- This is due to the definition of p^^x given in Chapter 3, 

which represents the pressure generated in a closed chamber when the pump is actuated 

fi"om its rest position, and does not account for the additional stored elastic energy present 

as a result of the pump reaching its maximum negative deflection during operation. The 

conclusion reached in this study is that an optimal pressure load exists where the power 

density of the system is maximized, and that care should be taken when evaluating what 

represents a realistic design. 

PD (W/kg) Efficiency (%) 

0.2      0.4      0.6      0.8 
PK /p 

Figure 5.12 Parameter study 5: performance of configuration C versus the normal- 
ized pressure load, Php,JPmax- The nominal value of 0.3 is indicated. The dot corre- 
sponds to a simulation included in Appendix C. 
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Study 6: Valve leak parameter 

The valve leak parameter, modeled as a minimum valve displacement above the valve seat, 

Y, is a term that is easily correlatable to experimental data but difficult to predict a priori. 

An investigation into the impact of this parameter on system behavior was therefore per- 

formed. As expected, power and efficiency are constant below some critical value (in this 

case 3 ^im) coiresponding to an adequate valve seal. For y > y^^^, performance rolls off 

rapidly as the valves permit greater leakage. The small peak seen in the left plot is a purely 

a dynamic effect. The numerical value of X:„-, for a MHST configuration depends on sev- 

eral factors, most importanUy the contact area between the valve and valve seat. It is there- 

fore highly dependant on the ratio of the valve disc diameters to the diameter of sections n 

of the flow channels. The conclusion reached in this study is that, as expected, perfor- 

mance remains constant for y below some value that represents adequate valve sealing, but 

rolls off rapidly once a gap size is reached where the valve begins to leak. For this particu- 

lar design, that value is 3 fim. 

250 
PD (W/kg) Efficiency (%) 

Figure 5.13  Parameter study 6: performance of configuration B versus the valve leak 
parameter, y. The nominal value of 1 fim is indicated. 
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Study 7: Mercury as the working fluid 

Mercury offers several key advantages over water as the working fluid in MHSTs: it has a 

much higher bulk modulus, 25 versus 2.24 GPa for water, and has no vapor pressure at 

room temperature, possibly aiding the avoidance of cavitation. Its disadvantages are a vis- 

cosity that is 50% greater than that of water, much higher density, and toxicity. Addition- 

ally, the surface tension of mercury is very high and would almost certainly exacerbate the 

problem of pump priming. Several simulations were completed to assess the relative mer- 

its of using mercury in the designl Since the increase in inductance due to the high density 

is greater than the stiffness increase provided by the higher bulk modulus, the natural fre- 

quency of a system using mercury is significantly lower than that of a water system. The 

resonance of configuration B, for example, drops to 1.81 kHz. Simulation 7a shows the 

predicted behavior of this system when excited at/= l.ll/„. The results are PD = 48 W/ 

kg; T| = 18%; Q = 8.9 ml/min, but are not comparable with the previous water system 

because of the lower frequency operation. Therefore, configuration D was defined as a 

baseline system with short channels (Lj = 2 mm) in order to boost the frequency to the 

nominal^ = 6.69 kHz. Simulation of this system (Simulation 7b) predicted the following 

performance: PD = 168 W/kg; X] = 18%; Q = 30.9 ml/min. Inspection of the system behav- 

ior, though, shows that the higher fluid density leads to unexpected dynamics in the valve 

motions. The conclusion reached in this study is that mercury is a viable liquid, but does 

not provide performance levels as good as those given when water is used. 

Study 8: Carbon tetrachloride as the working fluid 

Carbon tetrachloride, a nonflammable liquid commonly used as a solvent for oils, greases, 

and waxes [Avallone and Baumeister, 1987], possess physical properties very similar to 

water. Although it has no obvious advantages, its use in MHST is explored here primarily 

to assess its usefulness as an altemative fluid. As with mercury, the density of the fluid, 

being different than water, leads to a different system frequency. Simulation 8a shows the 

behavior of configuration B using the fluid (^ = 5.30 kHz), while Simulation 8b predicts 

the response of a system with 60 nun flow channels (configuration E) and/„ = 6.69 kHz. 

The performance of configuration E is PD = 281 W/kg; Tj = 18%; Q = 51.6 ml/min. This 
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performance is significantly greater than that seen in the water system. Since almost all 

liquid micropumps use water as the working fluid, it is believed that, in the intial stages of 

prototype fabrication and testing, the use of water will permit the use of experimental data 

from the literature, and therefore offers advantages beyond the performance predictions 

presented here. However, the primary conclusion reached in this section is that carbon tet- 

rachloride may provide performance enhancement that would warrant its experimental 

investigation as a working fluid. 

Study 9: Valve disc diameter 

The diameter of the valve disc was initially determined according to the pressure-balanc- 

ing requirement stipulated in Chapter 2. However, some of the other valve parameters 

leading to this value were arbitrarily chosen. Therefore, an investigation into the effects 

that perturbations in this parameter have on the system performance is warranted. Three 

constraints must be established before investigating the effects of changing the diameter of 

the valve disc, dj^^^. Firstly, it will be assumed that the ratio of the valve disc diameter to 

the channel section n diameter (i.e. the orifice within the valve seat) will remain constant 

throughout the study. This, however, has implications in that changes in the channel diam- 

eter affect the fluid inductance and therefore the system frequency. It must therefore be 

further stipulated that the system will always be excited at/= l.ll/„. Secondly, increasing 

^disc alone violates the pressure balanced condition stipulated in Chapter 2. To decouple 

these effects, the resulting pressure force is neglected throughout the study. Finally, 

increasing dj^^^ lowers the frequency of the valve. Since the parameter perturbations are to 

be small, and the disc accounts for a relatively small fraction of the valve's modal mass, 

these frequency changes will likewise be neglected. 

The parameter was swept from dj^^^ = 0.1 to 1 mm; the results are shown in Figure 5.14. It 

can be seen that the performance increase is significant as d^i^^ becomes larger. The reason 

for this, however, is not obvious. Since the ratio of valve-to-channel diameter was con- 

strained as constant, the viscous flow resistance of the valve is likewise constant (see 

Chapter 3). The reason for the performance increase is that, due to the larger disc areas. 
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the pressure force acting on them is larger and they therefore tend to open more. This 

reduces the flow resistance and boosts the power output. The suddent drop off visible as 

^disc approaches 1 mm is because the pressure force reaches a point where it overwhelms 

the actuation force, and the valve can no longer close. The reason for the power increase is 

essentially the same as for study 5, and similar conclusions must be drawn: in the physical 

system, the increasing valve deflections caused by the higher pressure forcesmight result 

in valve fracture before any significant performance increase was seen. Increasing the 

valve disc diameter is therefore not considered to be a viable design option. 

Efficiency (%) 
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PD (W/I<g) 

y\ 

400 9a / 

300 j 
200 ___^_y 
100 ^       1 

1 
. 1 

0.5 1 
valve disc diameter (mm) 

0.5 1 
valve disc diameter (mm) 

Figure 5.14 Parameter study 9: performance of configuration B versus the valve 
disc diameter, d^^^. The nominal value of 0.62 mm is indicated. The dot corresponds 
to a simulation included in Appendix C. 

Study 10: System scale 

Perhaps the most important parameter study in this work is that of system performance 

versus scale. A,. Investigations into how MHST behavior changes with geometric scaling 

will help determine if and where an optimum scale exists. As discussed in Chapter 1, it 

was suspected that system PD would increase linearly with decreasing system scale until, 

at some level, viscous effects would dominate behavior and eliminate the motivation for 

further miniaturization. In the forthcoming discussion. A, = 1 corresponds to the mesoscale 

systems described above. 
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Figure 5.15 System frequency,/„, and damping ratio, ^, of configuration B versus system 
scale, X. The scale factor is shown with respect to the mesoscale baseline such that X. = 1 
corres^nds to the given dimensions for configuration B. Frequency becomes real for 
X.<10~ where the system is critically damped. The dot corresponds to a simulation 
included in Appendix C. 

An appropriate way to begin the study is to examine how the natural frequency of the sys- 

tem depends on X by making use of the state-space Hnear system approximation presented 

in Chapter 4. The results are shown in Figure 5.15 where it can be seen that the frequency 

increases as expected until X,^„-, = 10"^, where increasingly dominant viscous effects criti- 

cally damp the system. The system frequency is therefore undefined for A,<X^„-,. It is 

logical to assume that performance trends will experience a transition near this region as 

well. 

Multiple simulations were executed while sweeping through values of A,. As expected, 

power output begins to level off near A, = 10"^ and is flat by 10'^. These trends are encour- 

aging and suggest that, subject to microfabrication limitations, performance increases 

from 10 to 100 can be expected by miniaturizing MHSTs to the MEMS scale. Of immedi- 
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Figure 5.16 Performance of configuration B versus system scale, X. The scale factor 
is shown with respect to the mesoscale baseline such that A, = 1 corresponds to the 
given dimensions for configuration B. The dot corresponds to a simulation included in 
Appendix C. 

ate interest is the performance of the 1/10th scale system, configuration G, which is 

believed to be within the bounds of current micromachining technology. The behavior of 

configuration G was computed in Simulation 10a with the following performance results: 

PD = 1660 W/kg; T| = 18%; Q = 0.3 ml/min. Note that this system is a scaled down version 

of configuration B, which was capable of PD = 188 W/kg; T| = 18%; Q = 34.6 ml/min. In 

this case, the 1/lOth scale reduction led to a PD increase of 8.8, while the efficiency 

remained roughly constant. 

Study 11: Drive frequency versus valve frequency 

The power output of the system is limited by the bandwidth of the valves. As previously 

seen, the natural frequency of the system can be significantly higher than that of the 

valves, as was the case for the original baseline design, configuration A. Since the power 

output is directly dependant on the frequency of operation, it is logical to assume that the 

mechanism should be operated at the highest frequency possible, which is to say the fre- 

quency near which the valve response rolls off. Figure 5.17 below plots the PD of the sys- 

tem for different driving frequencies, /, with respect to the fixed valve frequency, f^^ The 

system was always driven at/= 1.11/„; the natural frequency was tuned by varying the 

length of channel section I, Lj. Looking at the left plot it is apparant that, although the 
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power begins to increase as expected, it then rises upward. This is because the valve is 

being dynamically excited by the pump. Since the drive frequency is within a decade of 

the valve resonance, the fluidic and pressure forces acting on the valve cause some over- 

shoot in its position during opening. Although this overshoot is not large, the sensitivity of 

the valve's flow resistance to its deflection results in a significant reduction in that resis- 

tance and a concomitant boost in performance. This is the same phenomenon primarily 

responsible for the large differences in performance between configurations A and B. 

It is also apparent that drive frequencies greater than 0.4/^, generate poor performance 

because the valve response time is not fast enough to keep up with the pump. The result is 

that, as the frequency is increased, more and more backflow occurs because the pump 

begins the second half of its cycle before the valve that was open during the first half of the 

cycle has time to close. 
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Figure 5.17 Parameter study 11: performance of configuration A versus the valve fre- 
quency,/^ The X-axis is the drive frequency,/, normalized to the valve frequency. The 
straight line in the left plot projects the expected increase in power density if valve 
dynamics are neglected. The system was always driven at/= 1.11/„; the natural fre- 
quency was varied by tuning L;, where the minimum and maximum ratios of 0.1 and 
0.9 correspond to lengths of 1000 and 9 mm respectively. 
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5.4 Final Design 

Actuator 

The knowledge gained from the analyses, computer simulations, and parameter studies 

was employed to arrive at a final design that, it is believed, represents the potential perfor- 

mance levels of MHSTs. The results obtained that the final design, implemented on a 

microscale (1/lOth the size of the mesoscale device), indicate that the mechanism is capa- 

ble of a power density that is one to two orders of magnitude greater than conventional 

electromechanical transducers. 

The greatest difference between the final design and baseline configuration A is the length 

of the flow channels, L/. As previously discussed, the bandwidth limitation of the valve 

necessitates the reduction of the system frequency. This can be accomplished either by 

decreasing the chamber stiffness or increasing the fluid inductance. The option chosen for 

the parameter study was to increase the fluid inductance by lengthening the flow channels, 

leading to configuration B. Unfortunately, the lengths necessary (10 cm) do not represent 

a feasible design, as the rest of the system is only 1 cm in diameter. However, inspection of 

equation (3.10) shows that the fluid inductance may also be increased by reducing the 

cross-sectional area of the flow channel. This was the solution adopted for the final design. 

Although it was originally thought that the channels should possess the largest cross-sec- 

tional areas possible (which is still true if the valves are fast enough) it is shown here that 

this is not always the case. For the final design, section I was modified as follows: Lj was 

reduced to 3 mm (using configuration B as the reference), the width was reduced to 0.5 

mm from 6 mm (the channel was originally the width of the chamber), and the height was 

increased from roughly 0.1 mm to 0.4 mm. These numbers were arrived at through many 

iterations where the frequency benefits resulting from reduced channel areas were 

weighed against the concomitant viscous flow resistance increases. Table 5.3 summarizes 

the mechanical characteristics of the final design. 
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TABLE 5.3    MHST final design characteristics (mesoscale). 

Drive Valve Valve Seat 

mp 2e-3g niy, 1.26e-4 g kseat 2.73e9 N/m 

^piston 0.06 g kv 2727N/m Y 1 p.m 

h 9.22e7 N/m fn 23.39 kHz Valve stroke* 0.25 

Cs 7.09el7Pa/m3 Ky/k^P 8 

kp/k. 0.20 V 0.25 mm^ Channel Section I 

Idrive 161.59 kHz height 0.4 mm 

Jdrive 151.74 kHz Field 0.8 kV/mm width 0.5 mm 

y/r 1.4 |im Fb 0.21 N length, L; 3mm 

^fi 77 ^m R 3.13e9 Pa/m^/s 
Field IkV/mm Pb 696.79 kPa h 1.57e4m-' 

Pmax 926.13 kPa Pfr 232.69 kPa 

Pma/Pideal 44% '^mech 10.6% Channel Section II 

Vd 0.09^1 ED 23 mJ/kg diameter 

length, Lj] 

R 

0.59 mm 

0.5 mm 

1.70e8Pa/m3/s 

1.50e4m-' 
System 

fl =// 9.66 kHz Materials 

/2' 249.76 kHz piezoelectric PZN:PT 

Msys -l.Og structure Si, Pyrex 

"hpr   Pmax 0.5 fluid water 

a. Stroke = allowed deflection / free deflection 

b. Frequency of the drive with no fluid in the chamber 

c. Frequency of the drive with closed, fluid filled chamber 

d. First mode of the coupled structural-fluid system 

e. Second mode of the coupled structural-fluid system 

The predicted performance numbers for the mesoscale device, as well as the 1/lOth scale 

system, are summarized in Table 5.5. It is evident that the expected performance of the 

microscale system is one to two orders of magnitude better than the average electrome- 

chanical transducers discussed in Chapter 1. The simulation results for the mesoscale 

design are shown in Figure 5.18. The results of the microsystem simulations are identical 

expect for numerical values. 
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TABLE 5.4 MHST final design characteristics (microscale). 

Drive Valve Valve Seat 

nip 2e-6 g m^ 1.26e-4g '^seat 2.73e8 N/m 

nipiston 6e-5g K 272.7 N/m y 1 |J.m 

h 9.22e6 N/m fn 233.9 kHz Valve stroke* 0.25 

Cs 7.09e20 Pa/m^ Wkcp 8 

k/k. 0.20 Aeff 2.5e-3 mm^ Channel Section I 

Jdrive 1615.9 kHz height 0.04 mm 

Jdrive 1517.4 kHz Field 0.8 kV/mm width 0.05 mm 

yfr 0.14 ^im Fb 2. le-3 N length, LI 0.3 mm 

""fr 7.7 Jim R 3.13el2 Pa/m^/s 

Field IkV/mm Pb 6967.9 kPa h 1.57e5m"* 

Pmax 926.13 kPa Pfr 2326.9 kPa 

Pmw/Pideal 44% ^mech 10.6% Channel Section II 

Vd 9e-5 Hi ED 23mJ/kg diameter 

length, Lji 

R 

If 

0.06 mm 

0.05 mm 

1.70ell Pa/m^/s 

1.50e5m-l 

System 

fl =fn' 96.6 kHz Materials 

fl" 2497.6 kHz piezoelectric PZN:PT 

Msys - le-3 g structure Si, Pyrex 

Php/Pmax 0.5 fluid water 

a. Stroke = allowed deflection / free deflection 

b. Frequency of the drive with no fluid in the chamber 

c. Frequency of the drive with closed, fluid filled chamber 

d. First mode of the coupled structural-fluid system 

e. Second mode of the coupled structural-fluid system 

The capabilities of the final design are the product of several factors. The best performance 

was obtained by driving the system precisely at resonance. It is believed that the added 

viscous resistance of the thinner channels leads to a system that is more robust with 

respect to the chaotic behavior observed in Simulation 2b. The electrical signal was a sinu- 

soidal waveform with the valves driven by a square wave operating at a relative phase of 

310° and a duty cycle of 35%. Part of the reason for improved performance in the final 
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design is that the system is able to be driven at 41% of the valve resonance, or flf^ = 0.41, 

without loss of flow rectification, which immediately leads to a 10% increase in perfor- 

mance over the baseline system simply because more fluid is being pumped. The redesign 

of section I of the flow channel, specifically, the increase in its height, also contributes to 

the boost in power output. The pressure load was reoptimized and a final value of 

Php/Pmax ~ ^-^ ^^^ used. These factors are primarily responsible for the increased per- 

formance. 

TABLE 5.5    Performance of the final MHST design 

System scale (X) PD (W/kg)     Ti (%)            Q (ml/min) 
Mesoscale(l) 

Microscale(O.l) 

960                     63                       106 
9600                   51                       1.1 

It can be seen in Table 5.5 that a 12% decrease in efficiency is incurred when the system is 

miniaturized to the microscale. Due to the smaller cross-sectional areas of the flow chan- 

nels, it is to be expected that viscous effects will hinder system performance at a scale that 

is larger than the X,^^-, identified in Study 10. An investigation of the effects of system scale 

on the performance of the final design was therefore undertaken to ascertain the new opti- 

mal scale. Figure 5.19 shows the results of the study, where it can be seen that power den- 

sity begins to roll off for 10"^ <X< 10'^ It is therefore concluded that the optimal system 

for the final design is >, = 10'', corresponding to the 1/lOth microscale system described 

above. Noticeable in this plot is the prominant decrease in efficiency as scale is reduced to 

the microscale, where no decrease was seen in configuration B. This is due to the fact that 

the channels in the final design are much narrower, and significant viscous effects appear 

at larger scales. 

Power Harvester 

Although optimization of the performance of the corresponding power harvester is beyond 

the scope of this report, sample results of initial model simulations are included for illus- 

trative purposes. The final design discussed above was implemented as a power harvester 
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Figure 5.18 Simulation of final (mesoscale) design: /=/„ = 9.66 kHz, /^ = 23.4 kHz. Plot (a) 
overlays the pump displacement (solid) with the normalized drive signal (dashed). Plots (b) and 
(d) show the displacements and flows of the inlet (solid) and outlet (dashed) valves. Plot (e) indi- 
cates the phase relations between the normalized pump position (heavy solid), chamber pressure 
(solid), drive signal (dotted), inlet valve displacement (dot-dashed), and outlet valve displacement 
(dashed). 
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Figure 5.19   Performance of the final design versus system scale, %. The scale factor 
IS shown with respect to the mesoscale device. 

by coupling the rectifying circuit equation (see Chapter 3) and then applying a static high 

pressure source. During operation the valves were toggled at the natural frequency of the 

system and the electrical energy extracted was stored in a battery maintained at one-half 

the peak open-circuit excursion voltage of the piezoelectric element. The time history of 

the system is included in Appendix C as Simulation 11. Figure 5.20 below shows the elec- 

trical power flows in the mechanism corresponding to these plots. As discussed in Chapter 

3, when the induced voltage across the piezoelectric element is greater than the battery 

voltage, the diode bridge conducts and the voltage is clipped. During these periods, charge 

is transferred from the piezoelectric to the battery as current flows through the diodes. 
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Figure 5.20 Electrical power flow in the power harvester. The top plot shows the induced 
voltage across the active element being clipped at +/- the battery voltage. The bottom plot 
shows the currrent to the battery. 

5.5 Summary 

This chapter identified a baseline design that exhibited the characteristic behavior of 

MHST systems, discussed the results of computer simulations of this system and 

explained the observed dynamics, presented the results of a parameter study focusing on 

the influential design variables, and defined a final design that represents the achievable 

performance levels of MHSTs. In the first part of the chapter the definition of the baseline 

system was discussed, with particular attention given to the tuning of the system by 

increasing the fluid inductance. This was necessary in order to lower the system resonance 

below limitations set by the valves. It was shown that effective system performance could 

only be gained by driving the pump near the fundamental frequency of the system. The 

simulation results were analyzed by inspecting the time histories of the states and examin- 

ing the energy tracking in the system. The middle section of the chapter dealt with identi- 

fying those parameters to be investigated, then presenting the results of perturbations of 

those parameters. The final section of the chapter used the information gained in the previ- 
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ous analyses to define a final mechanism design that would represent the potential perfor- 

mance levels of MHST systems and serve as the focus of the feasibility assessment. 

Finally, the simulation of the power harvester was discussed. 



Chapter 6 

CONCLUSIONS AND 
RECOMMENDATIONS 

6.1 Summary 

The aim of this thesis was to assess the feasibiUty of the Micro Hydraulic Solid-State 

Transducer concept. Two important classes of electromechanical transducers are actua- 

tors, mechanisms that convert electrical input energy into mechanical forces to perform 

work on an interfacing structure (or other mechanical load) to alter its state, and power 

harvesters, mechanisms that extract potential mechanical energy from an interfacing sys- 

tem and convert it into electrical energy that can be consumed or stored. An effective met- 

ric for comparing transducers for applications with weight and size constraints is the rate 

of energy conversion normalized by the transducer mass, or power density. Efficiency, 

defined in this work to be the ratio of output to input energy, is also a powerful comparison 

tool as it indicates the effectiveness of the transduction. 

The motivation for this thesis was the unexploited power density capabilities of solid-state 

transduction materials, specifically, the recently emergent single-crystal piezoelectrics. 

These materials are able to generate extremely high stresses and, because of their high 

bulk moduli, have very large bandwidths; these two properties engender them with high 

power densities. However, since the material's optimal power output is the product of its 

single stroke energy and its bandwidth, it is necessary to operate the device at its maxi- 

mum frequency to realize this power. Unfortunately, most applications require much 

slower actuation speeds and, as a result, do not utilize the full potential of the material. 

169 
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Additionally, compared to more conventional transducers such as electric motors and 

hydraulic pistons, piezoelectrics are only capable of very small strains which limits their 

usefulness in many applications. 

The major goal of this work was to assess the feasibility of a new transducer comprised of 

a microhydraulic drive, valves, and pressure reservoirs that is capable of efficiently 

exploiting the power densities of single-crystal piezoelectrics. The realization of this goal 

depended on several subsidiary tasks, which formed the objectives of the thesis. The 

objectives were: 

1. Development of a prototype design 

2. Derivation of an analytical system model 

3. Identification of the key issues and trade-offs in the design process 

4. Livestigation of the effects of scale on performance 

5. Investigation of the effects of parameter changes on system performance 

The MHST concept was first introduced in Chapter 1, followed by a discussion of the pro- 

totype design and its principle of operation, both as an actuator and a power harvester. In 

Chapter 2 the rationale behind the design was discussed. The strategy used in the design 

process was presented as well as the existing goals and constraints. A description of the 

system components was begun by explaining the function and geometry of the hydraulic 

amplifier mechanism. The design of the drive, valves, reservoirs, gas chamber, and flow 

channels was then addressed. The considerations and results of the materials selection pro- 

cess were then set forth, followed by a discussion of the function and integration of the 

system electronics. Finally, manufacturability of the system was addressed by considering 

the current state of micromachining technology as well as information gained from the 

fabrication of prototype drive pistons. Chapter 4 addressed the optimization of the compo- 

nent designs using finite element analysis and static performance metrics after the mathe- 

matical tools necessary had been presented in Chapter 3. 

The analytical system model was derived in Chapter 3 and consisted of a theoretical model 

that was used for numerical simulation of the integrated system, and finite element models 
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of the separate components. The first part of the chapter discussed the requirements of the 

model and the issues involved, especially the dependence of fluid behavior on system 

scale. The relevant assumptions were then set forth, from which canonical fluidic compo- 

nent models were derived which highlighted the relations of important design parameters 

such as chamber compliance, fluid inertia, flow resistance, and so forth. The canonical 

models were then applied to the design to arrive at a set of equations that fully describe the 

dynamic behavior of the MHST. Finally, the use of the finite element model to augment 

the theoretical model by providing numerical values for parameters such as chamber com- 

pliance was discussed. 

The third objective, identification of the key issues and design trade-offs, was ongoing 

throughout the thesis. The primary issues requiring attention in the design process are: 

• Strong coupling between structure and fluid dynamics 

• Viscous energy dissipation in valves and flow channels 

• Impact of chamber compliance and fluid compressibility on performance 

• Potential for cavitation during operation 

• Geometric constraints imposed by microfabrication limitations 

• Manufacturing process issues such as fluid encapsulation, piezoelectric ele- 
ment integration, and ahgnment and bonding 

The identification of design trade-offs was discussed primarily in Chapter 4. The most 

prominent ones were found to be: 

Static 

Valve stroke <-> valve bandwidth (compliance versus stiffness) 

Large <-> small valves (larger valves provide greater strokes and permit 
larger flow channel diameters but have lower bandwidths and increase sys- 
tem mass) 

Large <-> small flexible diaphragm diameter (a diameter that is too small 
reduces deflection by causing the diaphragm to be clamped, while a diameter 
that is too large does the same by reducing the hydrauhc amplification ratio) 
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Dynamic 

• Large <-> small chamber capacitance (a stiff chamber leads to greater power 
output but causes the system frequency to exceed the valve bandwidth). 

• Large <-> small valve stroke (small strokes give the valve a greater holding 
force but constrict flow and lead to viscous losses) 

• Power <-> efficiency (it is possible to design an arbitrarily efficient system 
by reducing fluid flow) 

The study of performance versus scale began in Chapter 1, where the motivation for min- 

iaturization (i.e. increased power density) was introduced. The general scaling laws for 

some mechanical phenomena were also presented. Chapter 3 then addressed the modeling 

issues related to scale, particularly with respect to fluid behavior. Finally, system simula- 

tions provided numerical results. The investigation yielded the expected answer: system 

performance increases linearly with decreasing system scale until a critical size is reached 

where viscous effects dominate; there is no motivation for miniaturization past this point. 

For the final design presented in this report the critical size was found to be X^„-^ ~ 10'^, 

with decreasing performance visible past X ~ lO'. These scale factors are in reference to 

the mesoscale system, with an overall size of roughly 1 cm, suggesting that the optimal 

system scale is a mechanism with an outer dimension of 0.1-1 mm. 

The final objective, investigation of the effects of parameter changes on system perfor- 

mance, was executed in Chapter 5. Although perturbations to a specific system were stud- 

ied, the trends obtained are, to some extent, generalizable to other microhydraulic systems, 

and illustrate the impact certain parameters such as chamber capacitance, electrical drive 

signal characteristics, and pressure load have on system behavior. The information gained 

from this study was used to arrive at the final MHST design. 
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6.2 Conclusions 

Feasibility 

The predicted performance of MHST actuators clearly indicates their potential as an effec- 

tive transducer technology. Simulations suggest that a microscale device is capable of a 

power density on the order of lO'^ W/kg, which is one to two orders of magnitude greater 

than conventional electromechanical transducers. Successful implementation of this 

mechanism would have a tremendous impact on a wide array of transducer applications. 

The feasibility of these devices is contingent on the following issues, which may be 

grouped into behavior and fabrication related. The behavior issues are phenomena that 

must be determined experimentally, while the fabrication issues, already discussed in 

Chapter 2, relate primarily to the success of future microfabrication research. 

Behavior 

Cavitation: The presence of acoustic cavitation in MHST systems could 
impose severe bounds on their success. The pnenomenon cannot be pre- 
dicted by the model and must be experimentally investigated. Additionally, 
measures must be taken to ensure to the uniform pressure in the chamber 
does not fall below the vapor pressure of the working fluid. In the final 
design simulation, a minimum gage pressure of -4 MPa (-3.9 MPa atmo- 
spheric) was observed. Since the vapor pressure of water is 2339 Pa, it is 
clear that the average operating pressure of the chamber must be biased to a 
higher level, and/or another liquid must be used (see discussion on mercury 
as the working fluid in Chapter 2). 

Component stress and fatigue: the stress analysis performed in this work was 
necessarily simplified due to limited knowledge of the geometric details of 
the microfabricated structure (e.g. fillet radii at the diaphragm tether points). 
MHST success rehes on the ability to accurately predict and control stresses 
in the elastic structures. Furthermore, although single-crystal Si has excel- 
lent fatigue properties, the high frequencies of MHSTs result in an extremely 
large number of deformation cycles. Fatigue in these systems is therefore an 
unknown factor. 
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Fabrication 

• Integration of the piezoelectric material 

• Fluid encapsulation 

• Alignment and bonding 

Valve limited performance 

The valve is the primary limiting factor in the current MHST design. It was found that the 

system was capable of operating at very high frequencies but was limited by the band- 

width of the valves. The present valve design is based on a compromise between a very 

compliant structure (permitting a large valve stroke) and a very rigid structure (required 

for high bandwidth). An improved valve would benefit the system in two ways. First, a 

faster mechanism would permit the design of a pump system with a very high natural fre- 

quency, increasing the power output perhaps by a factor of 3-5. Secondly, it was found 

that, for a given valve design, the efficiency of the system was largely invariant with 

respect to the other design parameters. Therefore, implementation of a valve with reduced 

flow resistance (e.g. a larger stroke) may be the only way to significantly boost the perfor- 

mance of MHSTs. 

Structural-fluidic dynamic coupling 

Due to the strong interactions between the structural capacitance and fluid inductance in 

microhydraulic systems it is necessary to operate MHSTs at or near their resonant fre- 

quencies. Driving frequencies below this level result in pressure and flow oscillations that 

can lead to a loss of flow rectification, while drive frequencies exceeding it result in very 

little fluid flow. This requirement can impose severe restrictions on the MHST design. For 

instance, although it was found that rigid pump chambers allow high pressures to be gen- 

erated and result in improved power output, they can also cause the system to have a natu- 

ral frequency that exceeds the limitation imposed by the valve, preventing resonant 

operation. The result is a fundamental design constraint consisting primarily of a relation 

between chamber compliance, the fluid inductance, and the valve bandwidth. 
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Optimal system scale 

The optimal system scale for the final design considered in this work was found to be A, ~ 

10"\ or 1/lOth the size of the mesoscale system, corresponding to an overall outer diame- 

ter of 1 mm. Improved performance was evident with further miniaturization to A, ~ 10'^, 

but at a reduced rate due to increasing viscous effects. Although it is believed that a 1/lOth 

scale reduction of the mesoscale MHST is possible, pending successful elimination of the 

microfabrication obstacles listed in Chapter 2, further miniaturization would be difficult 

without modification of the design. 

Parameter sensitivity 

The predicted performance of MHSTs is very sensitive to some of the design parameters, 

especially the characteristics of the electrical power signal. It was shown that the phase 

relations between the valve and pump, the shape of the input waveform, and the proximity 

of the drive frequency to the valve resonance had dramatic effects on system behavior. It is 

believed that this same sensitivity would be seen in the physical system. In some cases, 

such as the improved performance obtained by the excitation of the valve dynamics, and 

the observed chaotic behavior when driven at the system resonance, it is possible that the 

effects stem from model sensitivy and is unclear whether they would be observed in the 

physical system. 

6.3 Recommendations for Future Work 

Prototype fabrication and testing 

The logical next step in the development of MHSTs is the fabrication, instrumentation, 

and testing of a mesoscale system for the purposes expounded in Chapter 2. The data 

obtained from these experiments will serve to validate/update the model and provide valu- 

able insight into the feasibility of further miniaturization. 
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Stress and fatigue analysis 

One specific area of investigation not addressed in this work is the identification of the 

failure modes of the mechanism. Much research is required in the areas of stress analysis 

and control in the Si microstructures, especially fracture mechanics and fatigue character- 

ization. Consideration must also be given to the effects of various bonding techniques on 

stress. Extensive studies must be made of the fillet radii and surface finish resulting from 

the chosen manufacturing process(es). Detailed FEM analyses, augmented by experimen- 

tal fracture data, can then be used to verify or modify the design. 

Thermal analysis 

Another area requiring investigation is a detailed analysis of thermal effects in the sys- 

tems. The low efficiencies seen in most of the simulations suggest that a significant per- 

centage of the energy input to the system will be converted to thermal energy via forced 

viscous flow. It is possible that temperature levels could reach critical levels that vaporize 

the fluid, plastically deform the structures, or otherwise hinder performance. Measure- 

ments should therefore be made to determine the quantity of heat that is generated in the 

prototype. 

Fundamental microfabrication studies 

Further research into microfabrication techniques is required if successful MHST are to be 

realized. The immediate goals of this research were stipulated at the end of Chapter 3. The 

viability of a 1/lOth scale reduction of the mesoscale design must also be studied. Since 

the diaphragm thicknesses used in the mesoscale system are near the limits of those that 

are commercially available, it will be necessary to either develop techniques to create finer 

membranes or modify the design. 

Coupled flow analysis 

The dynamics of MHSTs are such that the model presented in this report can only approx- 

imate the behavior of the flow. To fully understand the fluid phenomena in the system, 

numerical flow studies with coupled fluid-structure interaction must be implemented. As 
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mentioned in Chapter 3, this can either be done by using an analysis package capable of 

such analyses, or by linking a structural finite element model with a CFD package and per- 

forming iterative solutions. The results can then be compared with the experimental data 

to fully characterize the fluid behavior. 
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Appendix A 

PIEZOELECTRIC ACTUATOR 
DYNAMICS 

The electromechanical equations of motion for the transducer presented in Chapter 3 were 

obtained using the methods presented in Hagood et al.,1990, "Modelling of Piezoelectric 

Actuator Dynamics for Structural Control," wherein the coupled sensor and actuator equa- 

tions for an electroelastic body were derived from Hamilton's principle using a Ritz for- 

mulation. This appendix summarizes the technique using the original notation. For further 

details the reader is referred to the referenced publication. 

Ritz Formulation of Electroelasticity: 

[taken from Hagood et al.,1990] 

The derivation begins by establishing the variational expression for the combined electro- 

elastic body. The generalized form of Hamilton's principle for coupled electromechanical 

systems is: 

f\5iT-U+W^-WJ + m]dt = 0 (A.1) 

for piezoceramics the magnetic terms, W^, are negligible and the others can be defined: 

T = j^pu'^tl + l^p il^ii (A.2) 
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U = jVr+J^s^r (A.3) 

w, = J^-E''D (A.4) 

where the subscripts sandp refer to the structure and piezoelectric, respectively. Contribu- 

tions to the electrical energy, W^, due to fringing field in the structure and free space are 

neglected. Considering only discrete applied external point forces at locations x,- and 

applied charges at a discrete set of piezoelectric electrodes: 

nf 
bw 

nq 

.=1 j=\ 

(A.5) 

where D{x) is a vector of electrical displacements (charge/area), E{x) is the vector of elec- 

tric field in the material (volts/meter), S{x) is the vector of material strains, T{x) is the vec- 

tor of material stresses (force/area), 9(x) is the scalar electrical potential, «(x,) is the vector 

of mechanical displacements,/(j:,) is the vector of applied force at location x,-, and qj is the 

charge applied at electrode/ 

The fundamental assumption of the Rayleigh-Ritz formulation is introduced by expressing 

the displacement and potential functions in terms of generalized coordinates: 

u{x,t) = »F,(x)r(0 = [>,r,(x) - y, w] 
r,(/) 

^(0 

(A.6) 

and for the electrical potential 

(P(X,0 =  ^,Wv(0 =   [v,,^(x) ... X|/^J;c)] 
v,(0 

(A.7) 
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where r,- is the generalized mechanical coordinate and v, is the generalized electrical coor- 

dinate. It is sometimes convenient to let the v,- represent physical voltages at the piezoelec- 

tric electrodes, particularly when these are driven by a voltage amplifier. 

The only limitation on the assumed displacement distributions, T„-, is that they obey the 

geometric boundary conditions while the only constraint on the assumed potential distri- 

butions, Ty,-, is that they be consistent with the prescribed voltage boundary conditions 

(e.g. at ground the potential = 0) and are equipotential conductors. Future equations will 

be simplified if we use strain and field basis functions: 

5(jc, 0 = N,(x)r(t) and E(x, f) = iV/jc)v(0 (A.8) 

where 

N,(x) = L„Y,(;c)   and  N^{x) = L^T/x) (A.9) 

Here L„ is the linear differential operator for the particular elasticity problem and L^, is the 

gradient operator. 

Allowing arbitrary variations of r and v, two matrix equations in the generalized coordi- 

nates are obtained. These will be called the actuator and sensor equations of the electro- 

elastic system. 

(M, + Mp)r + (K^ + Kp)r + 0v = BjF       Actuator Equation (A. 10) 

Q^r + CpV = B^q       Sensor Equation      (A. 11) 

where the mass matrices are defined 

M, = J^.^Wp^H'/x) Mp = JYJWP^T/;C) (A.12) 
V V 

and the stiffness matrices are defined (dropping the integrand's explicit spatial depen- 

dence) 
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^s = JN^c^N, K^ = JNlRyR^N, (A.13) 

the piezoelectric capacitance matrix, Cp, and the electromechanical coupling matrix, 0, 

are defined: 

Cp = JNIRIEREN,        0 

and finally the forcing matrices are defined 

= JNlR'^e^R^N^ 

«/ = 

•pjl(^/,) •■ ■ *'.(v 

*L(V,) • ■ ">'™w.,) 

»,= 

%,(A:,_) .. "''^'v 
k^.> - •pjvJ 

(A. 14) 

(A. 15) 

where there are n mechanical DOFs and m electrical DOFs as well as «/forces and nq 

applied charges. 
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SYSTEM BLOCK DIAGRAMS 

This appendix contains the Simulink block diagrams that were used to implement the sys- 

tem model of the Actuator. The power harvester diagrams have been omitted because they 

are identical to those of the actuator, the only differences being sign conventions for flows, 

pressure gradients, and so forth. An exception is implementation of the dynamics of the 

drive component, where only the actuator equation exists for the actuator model, but both 

the actuator and sensor equations exist for the power harvester model. For this reason both 

drive models are included in this appendix. The sensor equation used is the diode bridge 

rectifier circuit discussed in Chapter 3. An organizational chart illustrating the structure of 

the block diagrams appears in Figure B.l. 
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Top Level 
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3(power harvester) 
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Figure B.l   Organizational chart for the Simulink block diagrams. 
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Figure B.5    Drive dynamics for the power harvester. The top portion represents power harvesting circuit. 
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Figure B.6   Diode bridge for the power harvester 
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Figure B.7   Inlet valve dynamics 
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Figure B.8   Outlet valve dynamics 
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SIMULATIONS 

TABLE C.1   Summary of simulation perfonnance. 

Study Sim.     Config. PD (W/kg)    11 (%) Q (ml/min) 

1 a            B 239               27 44.0 

b            B 139               21 25.6 

2 a            B 338               22 62.3 

b            B - - 

c            B 55                 39 10.1 

d           B - - 

3 a            B 145               45 26.7 

4 a            C 11                  18 33.7 

7 a            B 48                  18 8.9 

b           D 168                18 30.9 

8 a           B 146                17 26.9 

b           E 281                18 51.6 

9 a           F 361   .            21 66.4 

10 a           G 1660              18 0.3 
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TABLE C.2   Summary of electrical input characteristics used in simulations. 

Study Sim.     Config. /(kHz)    (t)(deg)     Shape     Field (kV/mm) 

1 a           B 7.43         0             square                 1 

b            B 7.43         0             triangle               1 

2 a           B 5.35         0             sine                     1 

b            B 6.69         0             sine                     1 

c            B 1.60         0             sine                     1 

d           B 0.1           0             sine                    1 

3 a           B 7.43         80           sine                    1 

4 a           C 7.43         0             sine                    1 

7 a            B 2.01         0             sine                    1 

b           D 7.43         0             sine                    1 

8 a           B 5.88         0             sine                    1 

b            E 7.43         0             sine                     1 

9 a            F 7.43         0             sine                    1 

10 a           G 74.3         0             sine                     1 

TABLE C.3   Summary of mechanical characteristics used in simulations. 

Primary Secondary 

Study Sim. Config. \      Fluid L/ (mm)     Load' '^disc (mm) /nOcHz) /v(kHz)     C,(Pa/m') 
1 a B 1       H2O 100          0.3 0.62 6.69 23.4        7.09el7 

b B 1       H2O 100          0.3 0.62 6.69 234          7.09el7 

2 a B 1       H2O 100          0.3 0.62 6.69 234         7.09el7 

b B 1       H2O 100          0.3 0.62 6.69 234         7.09el7 

c B 1       H2O 100          0.3 0.62 6.69 234         7.09el7 

d B 1       H2O 100          0.3 0.62 6.69 234         7.09el7 

3 a B 1       H2O 100          0.3 0.62 6.69 234         7.09el7 

4 a C 1       H2O 1              0.3 0.62 6.69 234         4.05el5 

7 a B 1      Hg 100          0.3 0.62 1.81 234         7.09el7 
b D 1      Hg 2              0.3 0.62 6.69 234         7.09el7 

8 a B 1      CCI4 100          0.3 0.62 5.30 234         7.09el7 

b E 1      CCI4 60            0.3 0.62 6.69 234         7.09el7 

9 a F 1      H2O 100          0.3 0.75 6.74 234         7.09el7 

10 a G 0.1     H2O 10            0.3 0.62 6.69 234          7.09el7 

a Load = Php/Pn 
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Figured Simulation la: actuator configuration B, operation at/= 1.11/„ using a first order 
square wave input. Plots (b) and (d) show the displacements and flows of the inlet 
(solid) and outlet (dashed) valves. Plot (e) indicates the phase relations between the 
normalized pump position (heavy solid), chamber pressure (solid), drive signal (dot- 
ted), inlet valve displacement (dot-dashed), and outlet valve displacement (dashed). 
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(a) Pump drive and position (b) Valve displacements 
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Figure C.2 Simulation lb: actuator configuration B, operation at/= l.ll/„ using a triangle wave 
input. Plots (b) and (d) show the displacements and flows of the inlet (solid) and outlet 
(dashed) valves. Plot (e) indicates the phase relations between the normalized pump 
posiUon (heavy solid), chamber pressure (solid), drive signal (dotted), inlet valve dis- 
placement (dot-dashed), and ouUet valve displacement (dashed). 
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Figure C.3 Simulation 2a: actuator configuration B, operation at the major peak,/= O.S^. Plots 
(b) and (d) show the displacements and flows of the inlet (solid) and outlet (dashed) 
valves. Plot (e) indicates the phase relations between the nonnalized pump position 
(heavy solid), chamber pressure (solid), drive signal (dotted), inlet valve displace- 
ment (dot-dashed), and outlet valve displacement (dashed). 
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Figure C.4 Simulation 2b: actuator configuration B, operation at resonance,/=/„. Plots (b) and (d) 
show the displacements and flows of the inlet (solid) and outlet (dashed) valves. Plot (e) 
indicates the phase relations between the normalized pump position (heavy solid), cham- 
ber pressure (solid), drive signal (dotted), inlet valve displacement (dot-dashed), and out- 
let valve displacement (dashed). 
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(a) Pump drive and position (b) Valve displacements 
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Figure C.5 Simulation 2c: actuator configuration B, operation at the minor peak,/= 0.25f„. Plots 
(b) and (d) show the displacements and flows of the inlet (solid) and outlet (dashed) 
valves. Plot (e) indicates the phase relations between the normalized pump position 
(heavy solid), chamber pressure (solid), drive signal (dotted), inlet valve displacement 
(dot-dashed), and outiet valve displacement (dashed). 
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(a) Pump drive and position (b) Valve displacements 
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Figure C.6 Simulation 2d: actuator configuration B, quasistatic operation,/= 100 Hz. Plots (b) 
and (d) show the displacements and flows of the inlet (solid) and outlet (dashed) 
valves. Plot (e) indicates the phase relations between the normalized pump position 
(heavy solid), chamber pressure (solid), drive signal (dotted), inlet valve displacement 
(dot-dashed), and outlet valve displacement (dashed). 
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(a) Pump drive and position 
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Figure C.7 Simulation 3a: actuator configuration B, (^ = 80°,/= 1.11^. Plots (b) and (d) show the 
displacements and flows of the inlet (solid) and outlet (dashed) valves. Plot (e) indi- 
cates the phase relations between the normalized pump position (heavy solid), cham- 
ber pressure (solid), drive signal (dotted), inlet valve displacement (dot-dashed), and 
outlet valve displacement (dashed). 
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(a) Pump drive and position 
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Figure C.8 SimuIaUon 4a: actuator configuration C,/= 1.11/„. Plots (b) and (d) show the displace- 
ments and flows of the inlet (solid) and outlet (dashed) valves. Plot (e) indicates the 
phase relations between the normalized pump position (heavy solid), chamber pressure 
(solid), drive signal (dotted), inlet valve displacement (dot-dashed), and outlet valve 
displacement (dashed). 
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(a) Pump drive and position 
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Figure C.9 Simulation 7a: actuator configuration B using Mercury,/= 1.11^,/„ = 2.23 kHz. Plots 
(b) and (d) show the displacements and flows of the inlet (solid) and outlet (dashed) 
valves. Plot (e) indicates the phase relations between the normalized pump position 
(heavy solid), chamber pressure (solid), drive signal (dotted), inlet valve displacement 
(dot-dashed), and outlet valve displacement (dashed). 
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(a) Pump drive and position (b) Valve displacements 
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Figure CIO Simulation 7b: actuator configuration D using Mercury,/= 1.1 !/„,/„ = 6.69 kHz. Plots 
(b) and (d) show the displacements and flows of the inlet (solid) and outlet (dashed) 
valves. Plot (e) indicates the phase relations between the normalized pump position 
(heavy solid), chamber pressure (solid), drive signal (dotteid), inlet valve displacement 
(dot-dashed), and outlet valve displacement (dashed). 
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(a) Pump drive and position (b) Valve displacements 
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FigureC.11 Simulation 8a: actuator configuration B using Carbon tetrachloride,/ = l.llf„,f„ - 
5.88 kHz. Plots (b) and (d) show the displacements and flows of the inlet (solid) and 
outlet (dashed) valves. Plot (e) indicates the phase relations between the normalized 
pump position (heavy solid), chamber pressure (solid), drive signal (dotted), inlet 
valve displacement (dot-dashed), and outlet valve displacement (dashed). 
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(a) Pump drive and position 
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FigureC.12 Simulation 8b: actuator configuration E using Carbon tetrachloride,/ = 1.11/,/ = 
5.88 kHz. Plots (b) and (d) show the displacements and flows of the inlet (solid) and 
outlet (dashed) valves. Plot (e) indicates the phase relations between the normalized 
pump position (heavy solid), chamber pressure (solid), drive signal (dotted), inlet 
valve displacement (dot-dashed), and outlet valve displacement (dashed). 
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(a) Pump drive and position 
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Figure C.13 Simulation 9a: actuator configuration F,/= l.ll/„,^ = 6.74 kHz. Plots (b) and (d) 
show the displacements and flows of the inlet (solid) and outlet (dashed) valves. Plot 
(e) indicates the phase relations between the normalized pump position (heavy 
solid), chamber pressure (solid), drive signal (dotted), inlet valve displacement (dot- 
dashed), and outlet valve displacement (dashed). 
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(a) Pump drive and position 
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Figure C.14 SimulaUon 10a; actuator configuration G,/= 1.11/„,/„ = 66.9 kHz. Plots (b) and (d) 
show the displacements and flows of the inlet (solid) and outlet (dashed) valves. Plot (e) 
indicates the phase relations between the normalized pump position (heavy solid), 
chamber pressure (solid), drive signal (dotted), inlet valve displacement (dot-dashed)! 
and outlet valve displacement (dashed). 
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(a) Induced field and pump position (b) Valve displacements 
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Figure C.15 Simulation 11: power harvester,/=/„,^ = 66.9 kHz. Plots (b) and (d) show the dis- 
placements and flows of the inlet (solid) and outlet (dashed) valves. Plot (e) indicates 
the phase relations between the normalized pump position (heavy solid), chamber 
pressure (solid), drive signal (dotted), inlet valve displacement (dot-dashed), and out- 
let valve displacement (dashed). 
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Appendix D 

ANSYS FINITE ELE MENT CODE 

VALVE GEOMETRY FILE 

/BATCH,LIST ! Optional Command (to run in batch mode) 
/COM,  COUPLED-FIHLD ACOUSTIC FLUID MODEL 
/COM, *** BUILD THE MODEL*** 
/FILNAM,valve 
/TllLE, valve 
/UNITS,SI ! Select SI units 
/SHOW, ! Specify graphics driver for interactive run 
/PREP7 

/COM, *** ELEMENT TYPES *** 
ET,1,PLANE13 ! piezo element 
Hi,2,PLANE42 ! 4 node solid element 
br,3,FLUID29 ! 2D acoustic fluid element: with structural interaction 
Er,4,FLUID29 ! 2D acoustic fluid element: no structural interaction 
h'l',5,SHELL51 ! axisymmetric shell element 

KEYOPT,l,l,7 ! select all structural and volt dofs for piezo element 
KEYOPT, 1,3,1 ! select axisymmetry for piezo element 
KEYOPi;2,3,l ! select axisymmetric for 8 node solid element 
KEYOPT,2,5,2 ! request nodal stress solution 
KEYOPT,3,3,l ! select axisynunetric for fluid element 
KEYOPT,4,2,l ! select 'no structure present' option for element 

/COM, *** MATERIALS *** 
*ULIB,materials,txt 
*USE,TRS-A-Y,1 
*USE,SILICON,2 
*USE,WATER,3 
*USE,PYREX,4 

x=l ! scale 
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/COM, *** STRUCTURAL GEOMETRY *** 
tp = 600e-6*x                                ! 
dd = 8e-3*x                                    ! 
db = 5.7e-3*x                                 ! 
hb = n00e-6*x                               ! 
tb = 500e-6*x                                ! 
Ip = le-3*x                                    ! 
dp = le-3*x                                    ! 
td = 10e-6*x                                  ! 
dc = 6e-3*x                                    ! 
he = 500e-6*x                                ! 
tv = 5e-6*x                                    ! 
dv = le-3*x                                    ! 
ch =: 70e-6*x                                  ! 
cd = .25e-3*x                                 ! 
ddisc = .62e-3*x                                 ! 
hdisc = 70e-6*x                                   ! 
tol = le-6                                        ! 

/COM, *** COMMON COORDINATES *** 
a = dp/4 
b = cd/2 
c = dp/2 
d = dv/2 
e = db/2 
f = dc/2 
g = dd/2 
h = tb 
i = tb+lp 
j = tb+lp+hb 
k = tb+lp+hb+hc 
1 = tb+lp+hb+hc+tp 
m = tb+lp+hb+hc+tp+ch 
n = tb+lp+hb+hc+tp+ch+hdisc 
o = ddisc/2 

R,1,0 ! fluid reference pressure 
R,2.td ! pump membrane thickness 
R,3.tv ! valve membrane thickness 

/COM, *** KEYPOINTS *** 
K,l,0,h 
K,2,a,h 
K,3,a,i 
K,4,0,i 
K,5,c,h 
K,6,c,i 
K,7,0,0 
K,8,a,0 
K,9,c,0 
K,10,f,0 

thickness of top plate 
outside diameter of pump 
diameter of the button 
thickness of the button 
thickness of base plate 
length of the piezo element 
diameter of the piezo element 
thickness of the pump membrane 
diameter of the chamber 
height of the chamber 
thickness of the valve membrane 
diameter of the valve membrane 
thickness of the valve cap 
diameter of valve cap 
diameter of pressure balancing disc 
thickness of pressure balancing disc 
tolerance for selecting nodes 
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K,ll,g,0 
K,12,g,h 
K,13,f,h 
K,14,g4 
K,15,f,i 
K,16,e,i 
K,17,e,j 
K,18,c,j 
K,19,aj 
K,20,0,j 
K,21,fj 
K,22,g,j 
K,23,g,k 
K,24,f,k 
K,25,e,k 
K,26,d,k 
K,27,b,k 
K,28,0,k 
K,29,g,l 
K,30,f,l 
K,31,e,l 
K,32,d,l 
K,33,b,l 
K,34,0,l 
K,35,b,m 
K,36,0,m 
K,37,0,n 
K,38,b,n 
K,39,o,n 
K,40,o,m 

/COM, ***AREAS*** 
/PNUM.AREA.l 
A,l,2,3,4 
A,2,5,6,3 
A,7,8,2,l 
A.8,9,5,2 
A,9,10,13,5 
A,10,l 1,12,13 
A,13,12,14,15 
A, 15,14,22,21 
A,21,22,23,24 
A,24,23,29,30 
A,25,24,30,31 
A,26,25,31,32 
A,6,16,17,18 
A,3,6,18,19 
A,4,3,19,20 
A,28,27,33,34 
A,27,26,32,33 
A,20,19,27,28 

1: piezo areas 
2 
3: structural areas 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16: fluid areas 
17 
18 
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A, 19,18,26,27 !19 
A, 18,17,25,26 !20 
A, 17,21,24,25 !21 
A,16,15,21,17 !22 
A,34,33,35,36 ! 23: valve cap 
A,36,35,38.37 !24 
A,35,40,39,38 !25 

/COM, *** ASSIGN AREA ATTRIBUTES *** 
LSEL,S,LOC,Y,i-tol,i+toI ! Select the pump membrane 
CM,pumpmem,LINE 
LAn',2,2,5 

LSEL,S,LOC,Y,l-tol,l+tol ! Select the valve membrane 
CM,valveniem,LINE 
LAn;2,3,5 

ASEL.S, AREA,, 1,2 ! Select the piezo 
CM,piezo,AREA 
AAiT,l„l ! Use piezo elements 
ASEL,S,AREA„3,15 ! Select the structural silicon 
CM,silicon,AREA 
AATr,2„2 ! Use 4 node solid elements 

ASEL,S,AREA„7 ! Select the pyrex 
ASEL,A,AREA„9 
CM,pyrex,AREA 
AAll',4,,2 ! Use 4 node solid elements 

ASEL,S,AREA„ 16,22 ! Select fluid 
CM,fluid,AREA 
AAll',3,1,3 ! Use fluid elements 

ASEL,S,AREA„23,25 ! Select valve cap 
CM,cap,AREA 
AAn;2„2 ! Use 8 node solid elements 

/COM, *** MESHING *** 

ALLSEL,ALL 
vmemsize = 25e-6*x ! shell element length on valve membrane 
pmemsize = 25e-6*x ! shell element length of pump membrane 

! Common number of division groups 
ndl 3 
nd2 7 
nd3 6 
nd4 2 
nd5 4 
nd6 7 
nd7 5 
nd8 5 
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nd9 = 17 
ndlO = 3 
ndll = 3 
ndl2 = 2 
ndl3 = 6 

LESIZE,l„.ndll 
LESIZE,2,„nd2 
LESIZE,3,„ndll 
LESIZE,4,„nd2 
LESIZE,5,„ndlO 
LESIZE,6,„nd2 
LESIZE,7,„ndlO 
LESIZE,8,„ndll 
LESIZE,9,„ndl 
LESIZE,10„,ndl 
LESIZE,ll,„ndlO 
LESIZE,12,„ndl 
LESIZE,13„,nd8 
LESIZE,14„,ndl 
LESIZE,15,„nd8 
LESIZE,16,„nd7 
LESIZE,17,„ndl 
LESIZE,18„,nd7 
LESIZE,19,„nd2 
LESIZE,20,„nd7 
LESIZE,21,„nd2 
LESIZE,22„,nd3 
LESIZE,23„,nd7 
LESIZE,24„,nd3 
LESIZE,25,„nd5 
LESIZE,26,„nd7 
LESIZE,27,„nd5 
LESIZE,28„,nd6 
LESIZE,29,„nd7 
LESIZE,30,„nd6 
LESIZE,31,„nd4 
LESIZE,32,„nd4 
LESIZE,33„,nd6 
LESIZE,34,„nd9 
LESIZE,35„,nd9 
LESIZE,36,„nd6 
LESIZE,37„,nd9 
LESIZE,38„,nd3 
LESIZE,39,„nd9 
LESIZE,40,„nd3 
LESIZE,41,„ndlO 
LESIZE,42,„nd3 
LESIZE,43„,ndll 
LESIZE,44,„nd3 
LESIZE,45,„ndll 
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LESIZE,46,„nd6 
LESIZE,47,„ndll 
LESIZE,48„,nd6 
!LESIZE,49,vmemsize*2 
LESIZE,49,„ndlO 
LESIZE,50,vnieinsize 
LESIZE,51,„nd5 
LESIZE,52,„nd5 
LESIZE,53„,nd5 
LESIZE,54„,nd5 
!LESIZE,55,pmemsize*2 
LESIZE,55,„nd4 
LESIZE,56,pmemsize 
LESIZE,57,„ndl2 
LESIZE,58,„ndll 
LESIZE,59,„ndl2 
LESIZE,60,„ndl2 
LESIZE,61„,ndll 
LESIZE,62,„ndl2 
LESIZE,63„,ndl3 
LESIZE,64„,ndl2 
LESIZE,65,„ndl3 

elsize20 = 
elsize35 = 
elsize36 = 
elsize37 = 
elsize38: 
elsize47: 

■■ (g-f)/nd7 
: (e-d)/nd9 
: tp/nd6 
: (e-c)/nd9 
: hb/nd3 
b/ndll 

Compute required element sizes 

LMESH.valvemem 
LMESH.pumpmem 
AMESH,ALL 

! Mesh valve membrane 
! Mesh pump membrane 

/COM, *** NODE SETS *** 
NSEL,S,LOC,Y,0 
CM,bottom,NODE 

! Select bottom nodes 

NSEL,S,LOC,X,0 
CM,center,NODE 

! Select center nodes 

NSEL,S,LOC,Y,tb+lp 
NSEL,R,LOC,X,0,dp/2 
CM,top_elec,NODE 

! Select the nodes for the top electrode 

NSEL,S,LOC,Y,tb 
NSEL,R,LOC,X,0,dp/2 
CM,bot_elec,NODE 

! Select the nodes for the bottom electrode 

NSEL,S,LOC,X,0-tol,0+tol 
NSEL,R,LOC,Y,n-tol,n+tol 

! Select the node in the center of the valve cap 
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CM,vnode,NODE 

NSEL,S,LOC,X,0-tol,0+tol 
NSEL,R,LOC,Y,i-tol,i+toI 
CM,piezn,NODE 

NSEL,S,LOC,Y,n-tol,n+tol 
CM,capnodes,NODE 

NSEL,S,LCK:,Y,l-elsize36 
NSEL,R,LOC,X,d 
CM,nl,NODE 

NSEL,S,LOC,Y,l-elsize36 
NSEL,R,LOC,X,d+elsize35 
CM,n2,NODE 

NSEL,S,LOC,Y,l 
NSEL,R,LOC,X,d+elsize35 
CM,n3,NODE 

NSEL,S,LOC,Y,i 
NSEL,R,LOC,X,e-elsize37 
CM,n4,NODE 

NSEL,S,LOC,Y,i+elsize38 
NSEL,R,LOC,X,e-elsize37 
CM,n5,NODE 

NSEL,S,LOC,Y,i+elsize38 
NSEL,R,LOC,X,e 
CM,n6,NODE 

! Select the node in the center top of the piezo 

! Select the nodes on top of the valve cap 

! Define key nodes 

NSEL,S,LOC,Y,l 
NSEL,R,LOC,X,b,d 
CM,vmnodes,NODE 

NSEL,S,LOC,Y,i 
NSEL,R,LOC,X,e,f 
CM,pmnodes,NODE 
CMGRP,keynodes,nl ,n2,n3,n4,n5,n6 

/COM, *** CONSTRAINTS *** 
CMSEL,S,bottom 
D,bottom,UX,0,„,UY 

! Define nodes comprising the valve membrane 

! Define nodes comprising pump membrane 

! Constrain bottom 

CMSEL.S.center 
dsym.synmi 

NSEL,S,LOC,Y,l-tol,l+tol 
NSEL,R,LOC,X,d,d+elsize35 

! Enforce symmetry 

! Couple rotational dofs for cantilever 
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CP,1,R0TZ,ALL 

NSEL,S,LOC,Y,I-tol,l+tol 
NSEL,R,LOC,X,b-elsize47,b 
CP,2,R0TZ,ALL 

NSEL,S,LOC,Y,i-tol,i+tol 
NSEL,R,LOC,X,e-elsize37,e 
CP,3,R0TZ,ALL 

NSEL,S,LOC,Y,i-tol,i+tol 
NSEL,R,LOC,X,f,f+elsize20 
CP,4,ROTZ,ALL 

/COM, *** STRUCTURE-FLUID INTERACTION *** 
ALLSEL,ALL 
ESEL,S,TYPE„3 
NSEL,S,LOC,Y,i 
NSEL,A,LOC,Y,j 
NSEL,A,LOC,Y,k 
NSEL,A,LOC,Y,l 
CM,vertchain,NODE ! Define the nodes comprising the floor and ceiling of the chamber 

NSEL,S,LOC,X,d 
NSEL,A,LOC,X,e 
NSEL,A,LOC,X,f 
CM,horzcham,NODE      ! Define the nodes comprising the vertical wall of the chamber 

! Define group of all the nodes defining the chamber outline 
CMGRP,chamwall,vertcham,horzcham 

CMSEL.S.chamwall 
SF,ALL,FSI t Enforce fluid-structure interaction 

/COM, *** AESTHETICS *** 
ALLSEL,ALL 
/COLOR,NUM,GCYA,l 
/COLOR,NUM,DGRA,2 
/COLOR,NUM,BLUE,3 
/COLOR,NUM,LGRA,5 
/NUM,1 
/PNUM,MAT,1 
NSEL,ALL 
/PBC,ALL„1 
/PSF,FSI,2 
EPLOT 

SAVE 
nNISH 
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STATIC ANALYSIS FILE 

!**** STATIC ANALYSIS *** 
/SOLU 
ANTYPE,HARMIC 
/COM, *** SOLUTION OPTIONS *** 
HROPT,FULL 
HARFRQ,0,1 
NSUBST.l 
ALLSELL,ALL 
EPLOT 
/COM, *** APPLY LOADS *** 
emax        = 8e5 
V = emax*lp 

! perfonne a harmonic analysis 

! full solution method 
! pseudostatic analysis 
! use 1 substep 

CMSEL,S,bot_elec 
D,bot_eIec,VOLT,0 

CMSEL,S,top_elec 
D,top_elec,VOLT,v 

! CMSEL,S,capnodes 
! D,all,UY,0 

! To simulate blocked actuator 

! CMSEL,S,capnodes 
! SF,ALL,PRES,le6 

! To determine effective actuator stiffness 

NSEL,ALL 
SOLVE 
FINISH 
/POSTl 
SET, 1,1 ! read results file for step 1, substep 1 

ALLSEL,ALL 
ESEL,ALL 
ESEL,U,TYPE„3 
ESEL,U,TYPE„4 
PLDISP.O 

! select all non-fluid elements 

display the deformed structure 

/COM, *** COMPUTE VOLUMES AND MASSES *** 
rhopiezo = 8000 
ihosi = 2300 
rhofluid = 998 
rhopyrex = 2520 
ALLSEL,ALL 
vinit = 3.141592654/4*(hc*dc**2+hb*(dc**2-db**2)) 
ETABLE,vols,VOLU 
ESEL,S,MAT„1 
SSUM 
*GET,vpiezo,ssum,0,item,vols 
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ESEL,S,MAT„2 
SSUM 
*GET,vsi,ssuni,0,item,vols 
ESEL,S,MAT„3 
SSUM 
*GET,vfluid,ssuin,0,'tem,vols 
ESEL,S,MAT„4 
SSUM 
*GET,vpyrex,ssuni,0,iteni,vols 
mpiezo = rhopiezo*vpiezo 
msi = rhosi*vsi 
mfiuid = rhofluid*vfluid 
mpyrex = rhopyrex*vpyrex 
mtotal = mpiezo+msi+mfluid+mpyrex 
vtotal = vpiezo + vsi + vfluid + vpyrex 

CMSEL,S,nl 
CMSEL,A,n2 
CMSEL,A,n3 
CMSEL,A,n4 
CMSEL,A.n5 
CMSEL,A,n6 
FRNSOLN.U.COMP 

/COM, *** DESIGN OPTMIZATION PARAMETERS *** 
ALLSEL,ALL 
CMSEL,S,vnode 
*GET,temp 1 ,NODE„NUM,MIN 
vdisp=UY(templ) 
!goal = le-3/vdisp 

! valve displacement (center) 
! function to minimize (i.e. maximize deflection) 

ALLSEL,ALL 
CMSEL.S.piezn 
*GET,temp2,NODE„NUM,MIN 
pdisp = UY(temp2) 

ALLSEL.ALL 
ESEL,S,TYPE„3 
NSEL,S,EXT 
*GET,temp2,N0DE„NUM,MIN 
press = PRES(temp2) 
node chosen) 

get static pressure in pump chamber (arbitrary fluid 

ALLSEL.ALL 
CMSEL.S .capnodes 
NFORCE 
*GET,vforce,FSUM,0,ITEM,FY 
goal2 = 1/vforce 

! get total vertical force acting on valve 

SAVE 
FINISH 
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PUMP DIAPHRAGM SUBSTRUCTURE GEOMETRY AND ANALYSIS FILE 

/BATCH,LIST 
/COM, STRUCTURAL MODEL 
/COM, *** BUILD THE MODEL*** 
/FILNAM,pump_diaphragm 
/lTlLE,pump_diaphragm 
/UNITS,SI 
/SHOW, 
/PREP7 

Optional Command (to run in batch mode) 

! Select SI units 
! Specify graphics driver for interactive run 

/COM, *** ELEMENT TYPES *** 
ET,1,PLANE82 
ET,2,SHELL51 
KEYOPT,l,3,l 
KEYOPT, 1,5,2 

/COM, *** MATERIALS *** 
*ULIB,materials,txt 
*USE,SILIC0N,1 
*USE,PYREX,2 
*USE,STIFFnLIGHT,3 

/COM, *** STRUCTURAL GEOMETRY *** 
db = 5.7e-3 
td = lOe-6 
dc" = 6e-3 
tol = le-6 
elsize37 = 1.38e-4 
elsizeSS = 2.2e-4 

! 8 node solid element 
! shell elements to enforce linear interpolation 
! select axisymmetric for 8 node solid element 
! request nodal stress solution 

! diameter of the button 
! thickness of the diaphragm 
! diameter of the chamber 
! selection tolerance 
! input length of element 37 
! input length of element 38 

R,l,td 

/COM, *** KJEYPOINTS *** 
K,l,db/2+(dc-db)/2,0 
K,2,db/2+(dc-db)/2+elsize38,0 
K,3,db/2+(dc-db)/2+elsize38,elsize38-td 
K,4,db/2+(dc-db)/2,elsize38-td 
K,5,db/2+(dc-db)/2+elsize38,elsize38 
K,6,db/2+(dc-db)/2,elsize38 
K,7,db/2+(dc-db)/2+elsize38,2*elsize38-td 
K,8,db/2+(dc-db)/2,2*elsize38-td 
K,9,db/2,elsize38-td 
K,10,db/2,elsize38 
K, 11 ,db/2-elsize37,elsize38-td 
K, 12,db/2-elsize37,elsize38 
K,13,db/2,2*elsize38-td 
K,14,db/2-elsize37,2*elsize38-td 

/COM, *** AREAS *** 
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/PNUM.AREA.l 
A,l,2,3,4 
A,4,3,5,6 
A,6,5,7,8 
A,9,4,6,10 
A,l 1,9,10,12 
A,12,10,13,14 

/COM, *** ASSIGN AREA ATTRIBUTES *** 
ASEL.ALL ! Select all areas 
AAn;i„i ! Use 8 node solid elements 

ASEL,S,AREA„1 ! Select the pyrex 
AAn,2„l 

LSEL,S,LINE„16 
LSEL,A,LINE„18,19 
LA1T,3,1,2 

/COM, *** MESHING *** 
ALLSEL.ALL 
ESIZE,2*td ! Global element size 
te = td/4 ! Number of elements through diaphragm thickness 

LESIZE,5,te 
LESIZE,7,te 

! Elements through thickness of diaphragm 

LESIZE.13,te 
LESIZE,16,te 
n = 2 
ments 

! Request an aspect ratio of 2 for the interior beam ele- 

LESIZE,ll,te*2 
LESIZE,12,te*2 

KSEL,S,KP,.4,6,2 
KSEL.A,KP„9,10 

! Request finer mesh at the comers 

KESIZE,ALL,te 

ESHAPE,3 
ASEL,S,AREA„2 

! Use mapped meshing 

ASEL,A,AREA„4.5 
AMESH,ALL 

ESHAPE,4 
ASEL.INVE 

! Use free meshing 

AMESH,ALL 

LMESH,16 
LMESH,18,19 

/COM, *** NODE SETS *** 
NSEL,S,LOC,Y,0-tol,0+tol ! Select bottommost nodes 
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CM,bottom,NODE 

NSEL,S,LOC,Y,(2*elsize38-td)-tol,(2*elsize38-td)+tol      ! Select the upper right nodes 
NSEL,R,LOC,X,db/2+(dc-db)/2,db/2+(dc-db)/2+elsize38 
CM,topright,NODE 

NSEL,S,LOC^,(db/2+(dc-db)/2+elsize38)-tol,(db/2+(dc-db)/2+elsize38)+tol! Select rightmost nodes 
CM,right,NODE 

NSEL,S,LOC,X,0-tol,0+tol 
CM,center,NODE 

! Select center nodes 

NSEL,S,LOC,X,db/2,db/2+(dc-db)/2 
NSEL,R,LOC,Y,elsize38,2*elsize38-td 
CM,wet,NODE 

! Select the nodes exposed to pressure 

/COM, *** CONSTRAINTS *** 
n4x = -.22e-7 
n4y = .lle-5 
n5x = -.15e-7 
n5y = . lle-5 
n6x = -.15e-7 
n6y = .lle-5 

CMSEL,S,bottom 
CMSEL,A,right 
CMSEL,A,topright 
D,ALL,UX,0„„UY 

! Fix nodes 

NSEL,S,LOC,Y,elsize38-td 
NSEL,R,LOC,X,db/2-elsize37 
D,ALL,UX,n4x 
D,ALL,UY,n4y 

NSEL,S,LOC,Y,2*elsize38-td 
NSEL,R,LOC,X,db/2-elsize37 
D,ALL,UX,n5x 
D,ALL,UY,n5y 

NSEL,S,LOC,Y,2*elsize38-td 
NSEL,R,LOC,X,db/2 
D,ALL,UX,n6x 
D,ALL,UY,n6y 

NSEL,S,LOC,Y,2*elsize38-td 
NSEL,R,LOC,X,db/2-elsize37.db/2 
CP,NEXT,ROTZ,ALL 

! couple rotational dofs 

NSEL,S,LOC,X,db/2-elsize37 
NSEL,U,LOC,Y,2*elsize38-td 
CPJ>JEXT,ROTZ,ALL 

! remove repeated node 
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NSEL.ALL 
/PBC,ALL„1 
EPLOT 
SAVE 
FINISH 

/COM, ***STATIC ANALYSIS *** 
/SOLU 
ANTYPE.STATIC 
p = 232690 
ALLSEL,ALL 
EPLOT 
SF,wet,PRES,p 
SOLVE 
HNISH 
/POSTl 
PLDISP.O 

I externally applied pump chamber pressure 

I apply pressure load to membrane 
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VALVE DIAPHRAGM SUBSTRUCTURE GEOMETRY AND ANALYSIS FILE 

/BATCH,LIST 
/COM, STRUCTURAL MODEL 
/COM, *** BUILD THE MODEL*** 
/FILNAM,valve_diaphragm 
/TITLE, valve_diaphragm 
/UNITS.SI 
/SHOW, 
/PREP7 

Optional Command (to run in batch mode) 

! Select SI units 
! Specify graphics driver for interactive run 

/COM, *** ELEMENT TYPES *** 
ET,1,PLANE82 
ET,2,SHELL51 
KEYOPT, 1,3,1 
KEYOPT, 1,5,2 

! 8 node solid element 
! shell elements to enfore linear interpolation 
! select axisymmetric for 8 node solid element 
! request nodal stress solution 

/COM, *** MATERIALS *** 
*ULIB ,materials,txt 
*USE,SILICON,l 
*USE,STIFFnLIGHT,2 

/COM, *** STRUCTURAL GEOMETRY *** 
tv = 5e-6 
dv = le-3 
ch = 70e-6 
cd = .25e-3 
elsize35 = 1.38e-4 
elsize36 = 6.67e-5 

! thickness of the valve diaphragm 
! diameter of the valve diaphragm 
! thickness of the valve cap 
! diameter of valve cap 
! input length of element 35 
! input length of element 36 

R,l,tv 

/COM, *** KEYPOINTS *** 
K,l,dv/2,0 
K,2,dv/2+elsize35,0 
K,3,dv/2+elsize35,elsize36-tv 
K,4,dv/2,elsize36-tv 
K,5,dv/2+elsize35,elsize36 
K,6,dv/2,elsize36 
K,7,cd/2,elsize36-tv 
K,8,cd/2,elsize36 
K,9,0,elsize36-tv 
K,10,0,elsize36 
K, 11 ,cd/2,elsize36+ch 
K,12,0,elsize36+ch 

/COM, *** AREAS*** 
/PNUM,AREA,1 
A, 1,2,3,4 
A,4,3,5,6 
A,7,4,6,8 
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A,9,7,8,10 
A,10,8,ll,12 

/COM, *** ASSIGN AREA ATTRIBUTES *** 
ASEL,ALL 
AATT,1„1 

LSEL,S,LINE„1,2 
LSEL,A,LINE„5 
LATT,2,1,2 

! Select all areas 
! Use 8 node solid elements 

/COM, *** MESHING *** 
ALLSEL,ALL 
ESIZE,5*tv 
te = tv/4 

LESIZE,5,te 
LESIZE,7,te 
LESIZE,10,te 
LESIZE.13,te 
n=2 
ments 
LESIZE,8,te*2 
LESIZE,9,te*2 

KSEL,S,KP„4,6,2 
KSEL,A,KP„7,8 
KESIZE,ALL,te 

ESHAPE,3 
ASEL,S,AREA„2,4 
AMESH,ALL 

! Global element size 
! Number of elements through diaphragm thickness 

! Elements through thickness of diaphragm 

! Request an aspect ratio of 2 for the interior beam ele- 

! Request finer mesh at the comers 

! Use mapped meshing 

ESHAPE,4 
ASEL.INVE 
AMESH,ALL 
LMESH,1,2 
LMESH,5 

! Use free meshing 

/COM, *** NODE SETS *** 
NSEL,S,LOC,Y,0 
CM,bottom,NODE 

! Select bottommost nodes 

NSEL,S,LOC,X,dv/2+elsize35 
CM,right,NODE 

NSEL,S,LOC,X,LOC,0 
CM,center,NODE 

! Select rightmost nodes 

! Select center nodes 

NSEL,S,LOC,Y,elsize36-tv 
NSEL,R,LOC,X,0,dv/2 

! Select the nodes exposed to the pressure 
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NSEL,A,LOC,X,dv/2 
NSEL,R,LOC,Y,0,elsize36-tv 
CM,wet,NODE 

NSEL,S,LOC.X,0 
NSEL,R,LOC,Y,elsize36+ch 
CM.vnode.NODE 

! Select the node in the center of the valve diaphragm 

/COM, *** CONSTRAINTS *** 
nlx = .43e-7 
nly = .55e-6 
n2x = .41e-7 
n2y = .53e-6 
n3x = .55e-7 
n3y = .53e-6 

CMSEL,S,center 
dsym.symm 

NSEL,S,LOC,Y,0 
NSEL,R,LOC,X,dv/2 
D,ALL,UX,nlx 
D,ALL,UY,nly 

NSEL,S,LOC,Y,0 
NSEL,R,LOC,X,dv/2+elsize35 
D,ALL,UX,n2x 
D,ALL,UY,n2y 

NSEL,S,LOC,Y,elsize36 
NSEL,R,LOC,X,dv/2+elsize35 
D,ALL,UX,n3x 
D,ALL,UY,n3y 

NSEL,S,LOC,Y,0 
CP,NEXT,ROTZ,ALL 
NSEL,S,LOC,X,dv/2+elsize35 
NSEL,U,LOC,Y,0 
CP,NEXT,ROTZ,ALL 

! Enforce symmetry 

! couple rotational dofs together 

! unselect the repeated node 

NSEL,ALL 
/PBCALL„1 
EPLOT 
SAVE 
FINISH 

/COM, ***STATIC ANALYSIS *** 
/SOLU 
ANTYPE,STATIC 

p = 232690 ! externally applied pump chamber pressure (Pa) 
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ALLSEL.ALL 
EPLOT 
SF,wet,PRES,p 
SOLVE 
FINISH 
/POSTl 
PLDISP.O 

! apply pressure load to membrane 

Ufo-^^ 
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Abstract 

A piezoelectrically-driven hydraulic amplification microvalve for use in high specific power hydraulic 
pumping applications was designed, fabricated, and experimentally characterized. High frequency, high 
force actuation capabilities were enabled through the incorporation of one or more bulk piezoelectric 
material elements beneath a micromachined annular tethered-piston structure. An hydraulic ampli- 
fication mechanism was employed to amplify the limited stroke of this piezoelectrically-driven piston 
structure to a significantly larger motion (40-50x) of a micromachined valve membrane with attached 
valve cap. This valve cap was actuated through its stroke to open and close against a fiuid orifice. These 
design features enabled the valve device to simultaneously meet a set of high frequency (1-lOkHz), high 
pressure(O.l-lMPa), and large stroke (15-40/im) requirements that had not previously been satisfied by 
other microvalves presented in the literature. 

This research was carried out through a series of modeUng, design, fabrication, assembly, and experi- 
mental testing tasks. Linear and non-linear modeling tools characterizing the structural deformations of 
the active valve sub-systems were developed. These tools enabled accurate prediction of real-time stresses 
along the micromachined valve membrane structure during deflection into its non-linear large-deflection 
regime. A systematic design procedure was developed to generate an active valve geometry to satisfy 
membrane stress Umitations and valve power consumption requirements set forth by external hydraulic 
system performance goals. Fabrication challenges, such as deep-reactive ion etching (DRIE) of the drive 
element and valve membrane structures, wafer-level silicon-to-silicon fusion bonding and silicon-to-glass 
anodic bonding operations, preparation and integration of piezoelectric material elements within the 
micromachined tethered piston structure, die-level assembly and bonding of silicon and glass dies, and 
filling of degassed fiuid within the hydraulic amplification chamber were overcome. 

The active valve structural behavior emd fiow regulation capabilities were evaluated over a range 
of appUed piezoelectric voltages, actuation frequencies, and differential pressures across the valve. For 
applied piezoelectric voltages up to SOOVpp at IkHz, the valve devices demonstrated amplification ratios 
of drive element deflection to valve cap deflection of 40-50x. These amplification ratios correlated within 
5 — 10% of the model expectations. Flow regulation experiments proved that a peak average flow rate 
through the device of 0.21mL/s under a IkHz sinusoidal drive voltage of SOOVpp, with valve opening of 
17/im, against a differential pressure of 260kPa could be obtained. Tests revealed that fluid-structural 
interactions between the valve cap and membrane components and flow instabilities (due to transition 
between the laminar and turbulent flow regimes through the valve orifice) limited the valve performance 
capabilities. 

Thesis Supervisor: Dr. Nesbitt W. Hagood 
Title: Associate Professor of Aeronautics and Astronautics 
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Nomenclature 

Ac high frequency channel cross-sectional area 

j4p piezoelectric material area 

Apis drive element piston area 

A„c valve cap axea 

Avm valve membrane axea 

dPiiAC hydraulic amplification chamber pressurization 

dVEHC fluid volume change within external energy harvesting chamber 

dVfiuid hydraulic amplification chamber fluid volume change 

dVpis drive element piston swept volume 

dVte drive element tether swept volume 

dVde drive element total swept volume 

dVtop top structural plate volume change 

dVym valve cap and membrane swept volume 

dss piezoelectric material coefficient 

Ep piezoelectric material Young's modulus 

Esi silicon Young's modulus 

Epyrex Pyrex Young's modulus 

fR fillet radius 

F^c force on valve cap structure 

Fvm valve membrane force on top structural plate 

Gsi siUcon shear modulus 

HHAC hydraulic amplification chamber height 

KEHC generalized external energy harvesting chamber stiffness 

Kf fiuid bulk modulus 

Lc high frequency channel length 

Lp piezoelectric material length 

Nyh number of valve heads used in parallel within active valve 

Pbias hydraulic amplification chamber bias pressiure 

PEHC external energy harvesting chamber pressure 

PEHC pressure within inlet valve orifice channel 

PEHC pressure within outlet valve orifice channel 
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PHAC hydraulic amplification chamber pressure 

PHPR high pressure reservoir pressure 

PLPR low pressure reservoir pressure 

"pia applied pressure beneath drive element piston 
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P2 generalized pressure above valve membrane 

Qin flow rate through inlet valve 

Qout flow rate through outlet valve 

Rbot, D(,ot bottom structural plate radius, diameter 

Rep piezoelectric material spacing radius from drive element center 

"■orifices ^orifice valve fluid orifice radius, diameter 

Pp,Dp piezoelectric material radius, diameter 

RpisiDpis drive element piston radius, diameter 

RtcDte drive element tethers outer radius, diameter 

Rtop,Dtop top structural plate radius, diameter 

^h}ci iJvc valve cap radius, diameter 

"vm I ^vm valve membrane radius, diameter 

RE generalized Reynolds number 

REoorifice Reynolds number through valve orifice 

hot bottom structural plate thickness 

tpis drive element piston thickness 

ttetop top drive element tether thickness 

ttebot bottom drive element tether thickness 
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^vm valve membrane thickness  ■ 
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Vp piezoelectric material voltage 

VHAC hydraulic amplification chamber volume 

W,y, hysteretic energy consumption of active valve 

Zbot bottom structural plate deflection 
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Zpis drive element piston deflection 
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Chapter 1 

Introduction 

1.1    Motivation 

The development of a fluidic microvalve, capable of high frequency control of high pressure 

liquid fluid flows, is a key task in the realization of high specific power (^) micropumping 

technology. Currently, many research efforts around the world are underway to develop compact 

liquid micropumping systems, the term "micro" referring to devices which are created with 

fabrication procedures capable of fim-size tolerances and which produce overall micropump 

dimensions on the order of a few millimeters to a few centimeters. However, the vast majority 

of these systems are designed for low pressure and low flow rate applications [1] [2] [3] [4] [5] 

such as drug dispensing and microdosing [6] [7] [8]. The higher performing of these systems 

are capable of pumping liquids with flow rates on the order of 1000-3000^ (0.017-0.050^) 

against differential pressures of between lOkPa and 50kPa. With a typical device mass on 

the order of ~1 gram, these performance values correlate to device-level specific powers below 

In an effort to develop high specific power micropumping technology (with specific powers 

~100-1000p^) for both actuation and power generation appUcations, a novel class of Micro- 

Hydraulic Transducer (MHT) devices has been introduced [1] [10] [11] [12] [13]. These devices 

combine bulk piezoelectric materials with stiff micromachined structural elements and are de- 

signed to enable high frequency pumping of fluid (10-20kHz) against pressure differentials on 

the order of ~l-2MPa, creating flow rates near or in excess of 1^. 

Piezoelectric materials are well-suited for transducer applications because of their inherently 

high peak specific powers. Figure 1.1 provides a comparison of the single stroke specific energy 

{j-), bandwidth (kHz), and theoretical peak specific power (^) for a variety of transducer ma- 

terials [14] [15] [16]. The product of a material's single stroke specific energy and its bandwidth 

provides a value for the material's specific power (^). Shape-memory alloy materials (denoted 

SMA), for example, possess a relatively large single stroke specific work (~ 5000j^) in com- 
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parison to that of standard polycrystalline piezoelectric materials such as PZT-5H (~ lO/-). 

The maximum operational frequency, or bandwidth (~ lOHz), of SMA materials, however, is 

significantly less than that of standard piezoelectrics (~ lOOkHz). SMA materials and standard 

piezoelectrics both possess specific powers near 100^, however, their optimal implementation 

as actuation mechanisms is far diflferent. In an application where low firequency, large stroke ac- 

tuation is desired (such as an on-off microvalve), the use of an SMA material might be preferred 

over a standard piezoelectric material. Conversely, for an application whereby high frequency, 

low stroke actuation is required, a piezoelectric material may be preferred. In fact, for this 

reason, the vast majority of high frequency micropumping systems use piezoelectric materials 

as their actuation mechanism in conjunction with fast-acting valves. The recent development of 

single-crystal ferroelectric materials (e.g. PZN-PT), characterized by specific powers approach- 

ing 10^ (~100x greater than those of standard polycrystalline PZT materials) [17], oflFers 

further advantages in strain capability over the standard piezoelectrics. These high performing 

materials, however, have yet to be integrated within high frequency micropumping systems. 

The piezoelectric micropumping devices and systems that have been presented in the Ut- 

erature up until this time typically utilize one of two actuation methods as a means to pump 

fluid: either (1) a deposited thin-fibn, thick disk, or bimorph of piezoelectric material [2] [3] 

[6] in contact with a compliant membrane, or (2) a direct-drive stack actuator in contact with 

a moveabie siUcon diaphragm. The thin-film, thick-film, and bimorph structural designs pre- 

sented are not conducive to both high force and high-frequency operation. The direct-drive 

stack actuation designs [18] [19] [20] are capable of achieving higher frequency operation than 

the thin-film, thick-film, and bimorph designs, however the presented micropump devices us- 

ing these designs are limited in their flow rate, pressurization, and frequency capabilities due 

to inadequacies of the accompanying one-way passive valves used to regulate the fluid flow. 

Additionally, these previously presented direct-drive stack designs require a significant length 

of piezoelectric actuation material to create the deflection and fluid pumping volume required 

for reasonable fluid flow rates. Due to this significant actuator size, an epoxy bonding agent 

and a relatively compliant silicon diaphragm are required to tolerance the piezoelectric material 

within the structures. The key design feature which difi^erentiates Micro-Hydraulic Transducer 

devices from these previous piezoelectric micropumps is the incorporation of a stiff microma- 

chined structural "piston-like" actuation element not only within the pumping chamber of the 

device, but also within accompanying flow regulation active valves. The annularly-tethered 

micromachined "piston" structure, driven by miniature bulk piezoelectric elements (almost an 

order of magnitude smaller than those used in [18] [19] [20]) attached using a thin-fibn eutectic 

alloy bond, can achieve structural frequencies well above lOkHz and can actuate against fluid 

pressurizations near IMPa. The implementation of such a stiff structure within fluidic systems 

can enable significantly higher frequency and pressurization capabilities than the previously 
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Figure 1.1: Upper bound on specific work vs. frequency for various actuation media. SMA is 
shape-memory alloy; PZN-PT is single-crystal piezoelectric; MSM is magnetic shape memory 
materials. 

presented piezoelectric micropumps. 

As shown in Figure 1.2, a Micro-Hydraulic Transducer system consists of a piezoelectric 

pump chamber, two actively controlled valves, and a low and high pressure fluid reservoir. In 

the MHT actuator, electrical energy supplied to the piezoelectric pump chamber results in a 

pumping of fluid through the valves from the low to high pressure reservoir. In the MHT power 

harvester, sequenced operation of the valves results in fluid flow from the high to low pressure 

reservoir, producing a "pinging" of the piezoelectric element within the pump chamber. This 

cychc strain on the element induces electrical charge, which can be rectified and stored. The 

specific power of these transducer devices scales hnearly with the frequency of operation and the 

pressure drop across which the device can operate. Since structural frequencies scale inversely 

with the geometric size of the device, it is advantageous to build these systems as small as 

27 



possible, hence the need for MEMS fabrication and process technologies. The performance of 

these MHT systems is directly governed by the capabilities of the active valves, which regulate 

flow into and out of the pump chamber. As a result, to achieve high specific power Micro- 

HydrauUc Transducer devices, a compact high frequency, high pressure active valve is required. 

The development of such an active valve is the subject of this thesis. 

Valve Control 

Low 
Pressure 

Pump Chamber 
Active Valve   . .    Active Valve 

RuWFlow 

m mn 

J. 
Electrical Power 

(a) 

Valve Control 
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Figure 1.2: Schematics of Micro-Hydraulic Transducer systems: (a) MHT actuator system, 
(b) MHT power harvesting system. High specific power is achieved through the integration of 
piezoelectric material with structural stiff small-scale hydraulic systems. 

1.2    Overview of Previous Microvalve Technology 

Although a significant amount of literature is available describing the development of active 

valve devices and technology, few if any have been designed for high frequency control of 

high pressure liquid fluid flows. Novel microvalve designs using thermopneumatic actuation 

[21] [22], thermal bimetallic actuation [24], SMA actuation [23], electrostatic actuation [25] 

[26], electromagnetic actuation [27] [28], piezoelectric bender-type actuation (both thin-film 

and thick film) [29] [30] [31], and piezoelectric stack-type actuation [18] [19] [20] have been 

presented. A sampling of previously reported microvalves is shown in Figure 1.3 and Figure 
1.4. 
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Figure 1.3: Previously reported microvalves: (a) thermopneumatic actuation, Rich [22], (b) 
thermal bimetallic actuation, Jerman [24], (c) shape memory alloy actuation, Huff [23], (d) 
electrostatic actuation. Huff [25], and (e) electromagnetic actuation, Pourahmadi [27]. 
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Figure 1.3(a) shows a thermopneumatic microvalve [22] for control of gas flows. A valve cen- 

tral boss is supported by a corrugated silicon membrane. The deflection of the boss is controlled 

by the vapor pressure of the heated working fluid (parylene) within the contained chamber. A 

micromachined heater grid exists within the chamber to increase the fluid temperature. For 

typical operation, a temperature of SO^C (and a corresponding power dissipation of 300mW) is 

required to move the valve boss through a stroke of Qfim in a time of approximately 15 seconds. 

Maximum pressure rise within the fluid chamber was reported to be lOOkPa. 

Figure 1.3(b) illustrates a thermal bimetallic valve [24] for use in pneumatic closed-loop 

pressure or flow control applications. The valve consists of a diaphragm actuator with a cen- 

tral boss which mates to an etched silicon valve body The actuator includes a circular sihcon 

diaphragm with integrated diffused resistors and an annular region of deposited aluminum. As 

current is passed through the resistors, the diaphragm increases in temperature. The thermal 

expansion mismatch between the silicon and aluminum results in a controlled displacement of 

the central boss. An operational boss deflection of Ibfim was obtained in response to a temper- 

ature increase of lOCC (and a reported corresponding power dissipation of IW). Regulation of 

200kPa differential pressure gas flows in an on-off fashion was demonstrated, resulting m gas 

flow rates of up to 2mL/s. No actuation response time was reported. 

Figure 1.3(c) displays a shape-memory alloy (titanium nickel) actuated microvalve [23] for 

precise regulation of liquid fluid flow in micro-chemical analysis and drug dehvery applications. 

The shape-memory effect is an athermal phase transformation between the austenitic (high 

temperature rigid) and martensitic (low temperature ductile) phases. In this valve, a TiNi 

diaphragm with attached silicon boss is actuated to open and close against a micromachined 

orifice. The valve was tested in an on-off fashion and it was reported to enable a liquid (DI 

water) flow rate of O.lmL/s for an applied differential pressure of 5kPa. Maximum stroke of 
the valve boss was not reported. 

Figure 1.3(d) displays an electrostatic microvalve [25] with a pressure-balancing structural 

feature that allows it to control fluids at pressures significantly larger than the necessary actua- 

tion pressure. The fluid provides a balancing force on the moving part of the structure thereby 

reducing the force required to open the valve. The moving part of the valve is a plunger which 

is actuated vertically, and consists of a center-bossed circular base and cap. Electrostatic ac- 

tuation is enabled through a small gap between the underside of the membrane and the top 

surface of a bottom support structure. This on-off valve was able to control 220kPa differential 

gas flows with an actuation voltage of 210V, resulting in a peak flow rate of 2.5mL/s. Due to 

significant ohmic heating in the device (because of a poor oxide layer), power dissipation was 
reported to be greater than lOW. 

Figure 1.3(e) illustrates an electromagnetic microvalve [27] designed for applications requir- 

ing large stroke and large on-off gas flow rates. The microvalve consists of a solenoid housing 
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Figure 1.4: Previously reported piezoelectric microvalves: (a) piezoelectric thin-film actuation, 
Watanabe [30], (b) piezoelectric thick-film actuation, Kluge [31], and (c) piezoelectric stack 
actuation, Esashi [19]. 

and a plunger which is rigidly attached to a diaphragm structure. Current applied to the 

solenoid results in a motion of the plunger against a micromachined orifice. Dimensions of the 

solenoid attachment axe unknown, however the author states that the appUcation for this valve 

does not require the device to fit within a compact volume. For on-off operation, this direct 

drive is reported to achieve a maximum valve cap displacement of lOOfim against a differential 

pressure of 90kPa, resulting in peak flow rates near 5mL/s. Power dissipation was reported to 

be greater than IW. 

Figure 1.4(a) displays a portion of a piezoelectrically-driven microvalve matrix [30] for con- 

trolling precise levels of gas flow. The valve is constructed of a thin beam with a round valve 

cap at the center and a valve seat of piezoelectric thin-film bifurcated in the normal direction. 
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The valve is normally closed due to a residual stress in the beam. For voltage applied to the 

valve seat, the piezoelectric film shrinks and the inner edge moves radially outward thereby 

increasing the flow area between the valve cap and this inner edge. The outer diameter of the 

piezoelectric thin-film is 600/im and its thickness is l/^m. In response to a voltage of IV, the 

valve was reported to actuate against a difi'erential pressure of O.lkPa, resulting in a gas flow 
rate of 2mL/s. 

Figure 1.4(b) illustrates a thick-film piezoelectrically-actuated microvalve [31] for use in 

high gas flow applications. The valve consists of a micrornachined valve cap and membrane 

structure with an attached (via epoxy) piezoceramic disk to actuate the valve cap against a 

micromachined valve seat orifice. The valve seat diameter is 2.25mm and the achievable stroke 

of the valve cap is 30/im for an applied voltage of up to 3000V. For on-oflF operation, the valve 

was reported to regulate gas flow at 11.6Hz against a differential pressure of 400kPa. The 

thickness of the piezoceramic disk structure was not detailed. 

Figure 1.4(c) displays a piezoelectrically-driven microvalve [19] using a direct drive piezoelec- 

tric stack as the actuation mechanism. This valve was designed for use in a hquid micropumping 

system. The microvalve consists of one sihcon and two glass layers anodically bonded together. 

The silicon contains a inlet through hole, a flow channel, and a moveable diaphragm with a 

central boss structure. A piezoelectric stack 9mm in length is attached to the underside of the 

boss using epoxy. In response to a voltage of 90V at a fi:equency of 30Hz, an estimated liquid 

pressurization of 8kPa in the pumping chamber of the micropump and a corresponding flow 
rate of 0.00025mL/s was reported. 

The previously described microvalves were selected to illustrate the wide variety of actua- 

tion concepts previously reported in the literature. All of these microvalves share a common 

operational geometry (except for Watanabe [30]) in that a valve boss is afiixed to a diaphragm 

or membrane structure which carries the boss through a predetermined stroke, in response to 

some form of actuation principle. The majority of these valves were designed for gas flows, and 

as such estimating their capabilities in handUng liquids is difiicult to do, although typically flow 

rates of liquids for a given differential pressure can be expected to be 100-lOOOx smaller than gas 

flow rates under the same differential pressures. In general, based on their reported capabilities, 

it can be concluded that none of these valves is capable of simultaneously satisfying the set of 

high frequency (1-lOkHz), high pressure (0.1-lMPa), and large stroke (15-40/im) requirements 

needed within full MHT liquid micropumping systems. 

The thermal actuation designs (based on thermopneumatic, thermal bimetallic, and shape 

memory alloy principles) potentially can achieve large stroke and reasonable actuation force. 

However, these thermally-based devices exhibit excessive power consumption and poor response 

times on the order of seconds. High-frequency actuation in the kHz range is therefore unachiev- 

able. The electrostatic devices are Umited in their deflection and pressure generation capabili- 
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ties, since the electrostatic force generated between two parallel plates scales inversely with their 

spacing and since electrical breakdown across the gap must be avoided. The electromagnetic 

concept is impeded by the overall size of external solenoid and housing structures needed to ac- 

tuate the valve structure. Piezoelectric thin-film and thick-film bender-type designs are limited 

in their ability to generate both high force and large deflection output. Shoji and Esashi's work 

aimed at solving this problem through the use of a stack-type piezoelectric actuator material 

to directly drive the valve membrane. In doing so, however, the piezoelectric stack material 

was required to be long (~9mm), resulting in a large actuator mass and size. The operational 

frequency of this device was reported only up to 30Hz. 

A promising method for achieving high firequency operation in conjunction with large force 

and high stroke capability would be to design a microvalve with a means to amplify the stroke 

of a piezoelectric bulk-type material (for example 1mm in thickness - almost an order of mag- 

nitude smaller in length than Shoji and Esashi's stack) into a larger valve membrane stroke. 

This could be done using a stiff hydrauUc fluid within an enclosed chamber to couple the piezo- 

electric material motion to the valve cap motion using an area ratio amplification concept. 

This type of structure would thereby achieve high frequency, high pressure, and large valve cap 

stroke actuation with minimal device power consumption (a further advantage of piezoelectric 

materials). Numerous macroscale piezoelectric hydraulic amplification mechanisms have been 

presented in the literature. In an application for active vibration control, a piezoelectric ac- 

tuator uses the volume change of a piezoelectric ring to create a large deflection of a smaller 

aiea contact surface [32]. In an application for vibration control of a rotary dynamic system, 

the deflection of a stack-type piezoelectric actuator is coupled through a hydraulic line to a 

smaller size piston, which helps to control the motion of a rotating shaft [33]. These and other 

[34] piezoelectric hydraulic amplification mechanisms are novel in design, yet do not face the 

difficult fabrication, assembly, and tolerancing challenges inherent in the development of high 

frequency MEMS-scale devices. 

1.3    Concept 

This thesis focuses on the design, modeling, fabrication, and experimental testing of a piezoelec- 

trically driven hydrauUc amplification microvalve for high pressure, high frequency applications. 

The proposed microvalve is shown in Figure 1.5. This device is desired to achieve large valve cap 

stroke (up to ~40//m) against high pressure loads (~0.1-lMPa) through a novel hydraulic am- 

plification mechanism that converts the small displacement (~l/im) of a piezoelectric material 

element into a significantly larger valve cap stroke. The inherent stiffness of the piezoelectric 

material and the hydraulic fluid chamber enable both high-frequency and high-force actuation 

capabilities. 
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Figure 1.5: Schematic of a piezoelectrically-driven hydraulic amplification microvalve. The 
primary structural components are designated with arrows. External hydraulic system pressure 
loading is applied on the top surface of the valve cap and membrane. 

The active valve consists of three primary components: a piezoelectric drive element, an 

enclosed fluid ampUfication chamber, and a membrane with attached valve cap. The drive 

element incorporates a circular piston structure supported from beneath by one or more small 

bulk piezoelectric cylinders and is suspended circumferentially from a surrounding support 

structure by thin annular micromachined tethers. This novel compact "piston-type" design 

enables high frequency actuation against a large external pressurization due to the high stiffness 

of the piston structure and integration of miniature bulk piezoelectric elements beneath the 

piston using a thin-film bond layer. The lateral dimensions of the tethers are designed to make 

the tethers compliant enough to allow for rigid piston motion up and down, yet stiff enough 

to resist bowing under pressurization caused by the hydraulic fluid above the tether during 

actuation. The tethers provide a seal between the hydrauUc fluid above the piston and the 

piezoelectric chamber below the piston, and also provide a path for electrical contact to the top 

surface of the piezoelectric cylinders. The fluid chamber resides between the top surface of the 

drive element piston and the bottom surface of a thin, smaller diameter silicon micromachined 

valve cap membrane. These design features enable the valve device to simultaneously meet a 

set of high frequency, high pressure, and large stroke requirements that have not previously 

been satisfied by other microvalves presented in the Uterature. 
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In response to applied piezoelectric voltage, the piezoelectric material strains. The resulting 

deflection of the drive element piston generates a pressure within the hydraulic amplification 

chamber which in turn deflects the valve cap and membrane against a fluid orifice, thereby 

regulating fluid flow through the external hydraulic system. The pressure loadings on the 

valve cap and membrane during device operation depend on the external microfluidic system 

application. The piezoelectric material capabilities, the ratio of the piston diameter to the valve 

membrane diameter, the compliances of the fluid and structm:al elements in the chamber, the 

severity to which the valve cap membrane experiences nonlinear behavior, and the nature of 

the external loading all contribute to the performance of this microvalve device. 

The proposed fabrication process for this microvalve involves the assembly of five silicon 

layers and four glass layers. A 2-D schematic of the microvalve device, illustrating individual 

silicon and glass layers, is shown in Figure 1.6. The middle glass layer (Layer 3) forms the drive 

element support structure and the top (Layer 9) and bottom (Layer 1) glass layers provide 

structtual support. The bottom silicon layer (Layer 2) and drive piston silicon layers (Layers 

4,5) provide a path for electrical contact to the piezoelectric cylinders. The top four siUcon 

layers (Layers 4,5,7,8) and glass layer (Layer 6) house the hydraulic amplification chamber, 

valve cap and membrane structure, and fluid inlet and outlet channels. All silicon-silicon 

wafer interfaces are bonded with high-temperature (~1300''C) fusion bonds, and all siUcon- 

glass layer interfaces are bonded using low temperature (~300''C) anodic bonds. Attachment 

of the top and bottom piezoelectric cyhnder surfaces to the adjoining sihcon is achieved with a 

low temperature (~300''C) AuSn eutectic bond. 

Shown in Figure 1.7 is a 3-D schematic of a fabricated silicon and glass multi-layer Micro- 

Hydraulic Transducer actuator system. This system consists of an inlet and outlet piezoelec- 

trically driven active valve and a centrally-located piezoelectric pump chamber. The pump 

chamber is comprised essentiaUy of the same drive element structure contained within each ac- 

tive valve component. All of the fabrication and assembly challenges (see Section 1.4.2) inherent 

in the realization of the active valve component structures are shared by the full MHT device, 

and as a result the efibrts documented within this thesis to successfully fabricate a workable 

valve device at the same time demonstrate the ability to realize complete MHT systems. 

1.4    Challenges 

A significant number of challenges had to be overcome to realize a functional piezoelectrically 

driven hydraulic amplification microvalve. These challenges can be organized into two ma- 

jor groupings: (1) modeling and design challenges and (2) fabrication, assembly, and testing 

challenges. These challenges are highlighted in the following sections. 
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Figure 1.6: 2-D schematic of a microvalve multi-layer silicon and glass structure. Five silicon 
layers, four glass layers, and one or more piezoelectric material cylinders are joined together 
to form the microvalve. Enclosed fluid within the hydraulic amplification chamber couples the 
drive element piston deflection to the valve cap motion. 

1.4.1    Modeling and Design Challenges 

Structural Modeling of Active Valve 

The development of a comprehensive structural model for the active valve requires detailed 

modeling of the piezoelectric material behavior, the bottom support plate structural compli- 

ance, the drive element piston and tether compliances, the hydrauUc chamber fluid stiffness, the 

top support plate structural compliance, and the valve membrane deflection behavior. Stresses 

withm the piezoelectric material, the drive piston tethers, and the valve membrane must be 

calculated to ensure structural integrity of the device under worst-case system loading condi- 

tions. Linear plate deformation theory is adequate for calculating the deflections and stresses 

associated with the drive piston tether and chamber compliances since these structural deflec- 

tions are small in comparison to the respective structural thicknesses. However, modeling of 

the valve membrane requires more advanced non-linear deformation theory. 

Non-linear Modeling of Valve Membrane 

To achieve a high stroke actuation capability within the active valve device, the valve mem- 

brane/plate structure is designed to experience peak deflection magnitudes which exceed the 

plate structural thickness. This type of large-deflection deformation behavior is characterized 

by an elongation or stretching of the plate structure and a subsequent generation of a non-zero 

in-plane tensile stress along the neutral axis.  As the plate is deformed significantly into the 
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Figure 1.7: 3-D schematic of a Micro-Hydraulic Transducer multi-layer silicon and glass struc- 
ture. Since a complete MHT system relies on identical fabrication and assembly procedures 
to those of the component valve, successful testing of the piezoelectrically driven active valve 
device validates the capability to realize the full MHT system. 

large deflection regime, the in-plane tensile stress begins to exceed the bending stresses and the 

plate stLShess increases. Linear plate theory is inadequate to capture these stiffening effects, 

and as a result, tools have been developed to accurately model the non-Unear large deflection 

behavior of the valve membrane/plate structure. 

Development of Systematic Active Valve Design Procedure 

The design and formulation of an active valve geometry which can satisfy performance require- 

ments imposed by an external hydraulic system is an important step in the development of 

MHT systems. Accmate modeling of the fluid flow behavior through the hydraulic system and 

interaction of the valve structure with this external system must be developed. Additionally, 

design parameter variations, such as valve membrane thickness, valve cap stroke, and the num- 

ber of valve membranes working together in parallel within the active valve device must be 

properly investigated so as to create an active valve whose membrane structures experience 

stresses below fracture limits and, as a whole, that consumes as little power as possible during 

operation. 

1.4.2    Device Fabrication, Assembly, and Testing Challenges 

Micromachining and Wafer-Bonding 

Micromachining of the valve membrane and drive element tether structures within the active 

valve device is a critical step in the fabrication process. To achieve precise dimensional control 

of these thin-membrane structures, silicon-on-insulator (SOI) wafers containing a buried oxide 
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etch-stop layer are used. In performing deep etches in these wafers, the surface roughness of 

the etch and the tailoring of the fillet radius profiles at the base of the etch must be well- 

controlled so as to mamtain the strength and robustness of the structures. Additionally, upon 

completing the etching of the various silicon layers, wafer-level siUcon-sihcon fusion bonding 

and wafer-level silicon-glass anodic bonding procedures must be carried out to form multi-layer 

wafer stack structures, in preparation for device assembly. 

Piezoelectric Material Integration 

Integration of bulk piezoelectric material within the thin-tethered drive element structures is 

the most critical step in the active valve assembly Preparation of the material, including pol- 

ishing, thin-film deposition, and core-drilUng, is performed to provide an optimal surface finish 

of the material in preparation for eutectic bonding to the adjoming silicon layers within the 

device. Additionally, accurate measurement of the individual piezoelectric element dimensional 

thicknesses, prior to integration, is required to ensure optimal static and operational deflections 

of the piston structure which result in minimal stresses in the etched piston tethers. Incorpo- 

ration of multiple smaller area piezoelectric materials spread out beneath the piston membrane 

is desired over placement of a single larger area piezoelectric material at the piston center, so 

as to reduce system compliances and increase actuation efficiency. However, tolerance issues 

become even more important when dealing with the requirements of multiple bonded elements. 

Fluid Filling and Sealing 

Encapsulation of a working fluid in the device is a significant challenge at the microscale because 

surface-to-volume ratios are typically quite large, with surface energies playing a dominant 

role. Any gas bubbles present in the sealed operational device can create enormous system 

compliances, potentially rendering the device useless. The eUmination of trapped gases during 

filling of the device and during encapsulation of the fluid port used for filling is critical for 

high-level performance. The development of a systematic fluid degassing and filling procedure 

is required for successful realization of a working active valve device. 

Device Testing 

Experimental testing of a complex microfabricated device can be an extremely challenging 

activity, due primarily to the lack of physical access to the structures within the device. To 

thoroughly characterize the performance of the active valve device presented in this thesis, drive 

element piston and valve cap deflections in response to applied voltages must be measured real- 

time. Additionally, dynamic pressures (between 0 and 2 MPa) upstream and downstream of 

the valve orifice and real-time fluid flow rates (as low as 10 j^ and as high as 1 ^) must 
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be monitored. Development of a test-rig apparatus for carrying out these measurements is a 

critical task for proper evaluation of the device behavior. 

1.5    Objectives 

The primary objective of this thesis is to develop a piezoelectrically driven hydraulic amplifica- 

tion microactuator structure, which can be operate as a microvalve for high frequency control 

of high pressure fluid flows. This research is carried out through a series of modeling, de- 

sign, fabrication, assembly, and experimental testing tasks. This work will demonstrate the 

microactuator and valve concepts and evaluate their experimental performance in comparison 

to behavior predicted by the models developed in the thesis. 

A secondary goal of this thesis is to provide a framework of linear and non-linear structural 

modeling tools and design procedures that can be implemented in the development of high 

frequency piezoelectric micropumping and microvalving systems. Additionally, a further goal 

of this thesis is to present a method for small-scale bulk piezoelectric material integration within 

silicon micromachined thin-tethered structures, a procedure which can enable the realization of 

compact high-frequency high-stiffness hydraulic actuator structures. 

1.6    Approach 

The overall scope of this thesis includes each of the challenges presented in Section 1.4, and 

consequently the thesis is divided into two major parts. The first part (Chapters 2 through 5) 

focuses on active valve modeling and design. The second part (Chapters 6 through 9) concen- 

trates on active valve fabrication, assembly, and testing. Use of the modeling tools developed 

in the first part of the thesis enables model-experiment correlation in the later sections. 

Chapter 2 introduces the concept of the active valve device and details the procedures used 

to model the structural valve component compliances. Linear plate theory, with bending and 

shearing deformation effects included, is implemented. Additionally, the benefits of multiple 

piezoelectric elements spread out beneath the drive element piston rather than a single centrally- 

located element are presented through a series of finite-element studies. 

Chapter 3 presents the development of a numerical code to model the large deflection 

behavior of a thin annular plate structure with rigid central cap under pressure loading. This 

theory has been specifically developed to capture the non-linear stiffening effects present in the 

valve membrane structure of the active valve, effects which are unaccounted for in the basic 

linear plate theory presented in Chapter 2. The finite-differencing scheme presented in this 

chapter is based upon the work of Su [1]. 
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Chapter 4 combines the linear and non-linear modeling tools presented in Chapters 2 and 3 

to create a quasi-static structural model of the active valve. In addition, the chapter introduces 

a dynamic simulation architecture for the valve, which includes inertia and damping associated 

with the drive element piston and valve cap structural elements. Calculation of the coupled 

fluid-structure resonant valve frequency, based on finite-element analyses, is also presented. 

Chapter 5 uses the modeling tools and simulations developed m the first three chapters 

to formulate a systematic quasi-static design procedure that can be used to design an active 

valve geometry based on external hydrauUc system performance requirements. This design 

procedure incorporates the governing fluid flow relations linking the valve cap motion to the 

external hydraulic system pressures and enables variation of key parameters within the active 

valve geometry to minimize power consumption. As a check, full system dynamic simulations 

are run to vaUdate the quality of the valve geometry created using the quasi-static procedure. 

Chapter 6 presents an overview of the fabrication challenges encountered and the solutions 

implemented in the development of the active valve device. A detailed sub-component testing 

plan for the active valve is presented as well. This systematic plan, as shown in Figure 1.8, 

breaks the complete active valve structure into manageable sub-component structures according 

to the primary challenges aheady detailed. The piezoelectric drive element sub-component 

study proves the ability to micromachine the tethered piston structure and integrate bulk 

piezoelectric material beneath the piston. The valve cap and membrane sub-component study 

vahdates the non-linear large deflection behavior of the valve membrane structure. Following 

successful completion of these sub-component studies, a complete active valve device can be 
fabricated and tested. 

Chapter 7 details the piezoelectric drive element sub-component study. Devices are fab- 

ricated that incorporate both standard polycrystalline PZT-5H piezoelectric material elements 

as weU as higher-strain single-crystal PZN-PT piezoelectric material. AdditionaUy devices 

with three piezoelectric elements spread out beneath the drive piston are compared to single 

element devices to demonstrate the stiffening benefit of incorporating multiple piezoelectric el- 

ements within the drive element structure. These devices are quasi-statically and dynamically 

charaicterized to firequencies in excess of 100 kHz. 

Chapter 8 details the valve cap and membrane sub-component study. Valve membrane 

structures are fabricated and inspected to ensure adequate fillet radius control at the base of the 

etched features. Pressure-deflection experiments are carried out to characterize the degree of 

non-Unearity present in these structures. Experimental results are compared to analytical and 

finite-element model results in which key parameters have been varied (membrane thickness 

and fillet radius size) in an effort to determine the sensitivity of the membrane behavior to 
these parameters. 
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Figure 1.8: Active valve sub-component testing plan. Realization of the full active valve requires 
performance validation of piezoelectric drive element sub-component, valve cap and membrane 
sub-component, and hydraulic amplification chamber sub-component. 

Chapter 9 presents the experimental testing of the full active valve device, with a focus on 

voltage-valve cap deformation frequency-dependent behavior, as well as differential pressure- 

flow characterization of the valve. Correlation to quasi-static and dynamic models is presented. 

Lastly, Chapter 10 concludes the thesis with a summary of accompUshments. Conclusions 

are drawn and recommendations are made for future work. Appendices are also included, which 

detail many of the structural models and dynamic simulations presented throughout the thesis. 

1.7    Thesis Executive Summary 

This thesis demonstrates, through a series of modeling, design, fabrication, assembly, and exper- 

imental testing tasks, successful operation of a piezoelectrically-driven hydraulic amplification 

microvalve for use in Micro-Hydraulic Transducer systems. Linear and non-hnear modeling 

tools characterizing the structural deformations of the active valve sub-systems were devel- 

oped. These tools enabled accurate prediction of real-time stresses along the micromachined 

valve membrane structure as it was deflected into its non-Unear large-deflection regime. A 

systematic design procedure was developed to generate an active valve geometry to satisfy 

membrane stress Umitations and valve power consumption requirements set forth by external 

hydraulic system performance goals. Fabrication challenges, such as deep-reactive ion etch- 

ing (DRIE) of the drive element and valve membrane structures, wafer-level silicon-to-sihcon 
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fusion bonding and silicon-to-glass anodic bonding operations, preparation and integration of 

piezoelectric material elements within the micromachined tethered piston structure, die-level 

assembly and bonding of silicon and glass dies, and filling of degassed fluid within the hydraulic 

amplification chamber were overcome. A photograph of the completed 9-layer microfabricated 
valve is shown in Figure 1.9. 

Figure 1.9: Photograph of a 9-layer silicon and glass piezoelectrically-driven hydraulic amplifi- 
cation microvalve, as part of a full MHT system. Dimensions of the valve structure within the 
full MHT chip are 8mm x 8mm x 5mm. 

The active valve structural behavior and flow regulation capabilities were evaluated over a 

range of applied piezoelectric voltages, actuation frequencies, and difi'erential pressures across 

the valve. For applied piezoelectric voltages up to SOOVpp at IkHz, the valve devices demon- 

strated amplification ratios of drive element deflection to valve cap deflection of 40-50x. These 

amplification ratios correlate within 5 -10% of the model expectations. Flow regulation exper- 

iments proved that a peak average flow rate through the device of 0.21mL/s under a sinusoidal 

drive voltage of 500Vpp, with valve opening of nfim, against a differential pressure of 260kPa 

could be obtained. Tests revealed that fluid-structural interactions between the valve cap and 

membrane components and flow instabilities (due to transition between the laminar and tur- 

bulent flow regimes through the valve orifice) limited the valve performance capabilities. 
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Chapter 2 

Active Valve Linear Model 

This chapter presents the analytical modeling structure of the active valve, focusing on the 

linear deformation behavior of the various structural components. This chapter begins with an 

overview of each of the components of the active valve, detailing the corresponding structural 

geometries and associated assumptions used to model them. This first-level active valve model 

assumes a single cylindrical piezo material under the drive element piston for ease of modeUng. 

Toward the conclusion of the chapter, the eflPects of incorporating multiple piezoelectric cylinders 

axe discussed and the corresponding benefits to structural stiffnesses of the piston and the 

bottom structural plate are presented. The chapter concludes with an identification of the 

valve components that require further development of non-linear theory. 

2.1    Valve Geometry and Modeling Procedure 

The proposed piezoelectrically driven hydraulic amplification microvalve is schematically shown 

in Figure 2.1. The axisymmetric valve is comprised of three primary sub-structures: a piezo- 

electric drive element, a closed hydraulic amphfication chamber, and a membrane with attached 

valve cap. The drive element sub-structure consists of one or more bulk piezoelectric material 

cyUnders located at the center of the device, each bonded on its top surface to a silicon microma- 

chined piston and on its bottom surface to a sihcon support structure. The drive element piston 

is attached along its outer circumference to a silicon support structure with two thin silicon 

tethers. The fluid chamber resides between the top surface of the drive element piston and the 

bottom surface of a smaller diameter sihcon micromachined valve cap membrane. In response 

to an applied piezoelectric voltage, a small deflection of the drive element piston translates into 

a much larger deflection of the valve cap membrane. The ratio of the piston diameter to the 

valve membrane diameter, the compliances of the fluid and structural chamber, the severity to 

which the valve cap membrane experiences nonlinear behavior, and the piezoelectric material 

performance determine the potential valve stroke for a given applied piezoelectric voltage. 
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Figure 2.1:  2-D schematic of the piezoelectrically-driven hydraulic amplification microvalve. 
The nomenclature and key dimensions are detailed. 

In developing a comprehensive analytical model for the active valve, the following aspects 

need to be accurately represented: (1) piezoelectric material behavior, (2) drive element piston 

and tether deflection behavior, (3) fluid compressibility, (4) hydraulic ampUfication chamber 

structural compliance, (5) valve cap and membrane deflection behavior, and (6) bottom struc- 

tural plate behavior beneath piezoelectric material. The efficiency of the valve drive is a function 

of how much volume is created due to the various system compliances. The ideal design would 

call for a very stiff hydraulic fluid and a completely rigid drive element piston and chamber 

structure. In this case, all of the volume change created by the drive element deflection would 

exhibit itself in the volume change associated with the valve membrane deflection. ModeUng 

of aspects (2), (4), (5), and (6) require a detailed understanding of linear plate theory. Each 

of these aspects will be modeled as a plate with applied loading and boundary conditions to 

determine the deflections and swept volumes due to bending and shearing effects. Non-linear 

issues such as in-plane stretching will be discussed at the close of the chapter. 

2.2    Overview of Linear Plate Theory 

In general, a symmetrically loaded circular plate will experience deflections due to bending and 

shearing. If the plate thickness is small compared to the plate outer radius, the deflection due 

to bending will be significantly larger than that due to shearing. If the plate thickness is of 

the same order of magnitude as the plate outer radius, however, the deflection contribution 

due to shearing effects will no longer be negUgible. In these cases, it is advisable to obtain the 

total deflection as a sum of these two contributing effects. As detailed above, the top chamber 

structure, the drive element piston, the drive element tethers, the bottom chamber structure, 

and the valve cap/membrane can be modeled using linear plate theory. The degree to which 
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each of these structural components may experience non-linear deflection behavior is discussed 

at the conclusion of this chapter. This section presents the methodology used to model these 

plate behaviors (in a linear fashion) by way of a simple example. The following sections then 

detail each of the modeled valve compliances. 

An example of a symmetrically loaded circular plate is shown in Figure 2.2. This plate is 

clamped at its outer radius (r=a), guided at its inner radius (r=b), and subjected to a pressure 

loading P over its bottom surface. The plate will experience deflections due to bending and 

shearing eff'ects. 

a 

f 

b t w(r)                                  j 
\                                           / 
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Figure 2.2: Circular plate under axisymmetric pressure loading, with a guided boundary con- 
dition at inner radius b and a clamped boundary condition at outer radius a. 

2.2.1    Deflections Due to Bending 

The governing differential equation for the symmetrical bending of a circular plate can be 

written as: 

d JAirM^)) _ Q(0 
dr D 

(2.1) 

Et^ where D = uh-v'^) ^ *^^ flexural rigidity of the plate and Q{r) is the shear force per unit 

length as a function of r. Q{r) depends on the nature of the plate loading. In this example 

case, the shear force is: 

Q{r) 
P(r2 - 62) 

2r 
(2.2) 

The boundary conditions in this example case are: 

BCl :w{r = a)=0 (2.3) 

BC2 : ^(r = a) = 0 
dr 

(2.4) 
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BC3:^ir = b)=0 (2.5) 

By integrating the governing differential equation and applying the imposed boundary con- 

ditions, the deHection of the plate w(r) can be determined. In addition, the swept volume 

associated with the deflection can then be calculated as follows: 

dV =     2iTrw{r)dr. (2.6) 

For this example plate bending case, the plate deflection at the inner radius (r=b) and the 

swept volume are found to be: 

Wbendingib) = [K,.^,,^,^] P (2.7) 

dVbending = [Hfvi,„,i„J ^ (2-8) 

^^e'^e E^^^^^.^^(j) and E^v,,^^i„, are the plate bending compliances, 

-—(') = {emh^) (3^' +»'*' (-7 + 41n [^ - 161n [^]') +aV (5 - 4In [^) - a»)   (2.9) 

^k...„, = (i92D(7-a')) ("* - 10'^°''' + 24a''6^ (l - In [^ ) + a^6« (-22 + 24In [^]) + 76»)    (2.10) 

These compUance coefficients are derived in detail in Appendix A.l. 

2.2.2    Deflections Due to Shearing 

In cases where the plate thickness is not small compared to the plate outer radius, shearing 

effects may contribute significantly to the overall deflection. The following analysis structure 

will allow for estimations of this deflection due to shear. 

In general, shearing stresses vary across the thickness of a plate according to the same 

principle as for beams of narrow rectangular cross-sectional area [3]. The corresponding shearing 
strain can be written as: 

dw     -aQ(r) 
^ = -Gf^ (211) 

where G = jf^ is the modulus of elasticity in shear of a plate, t is the plate thickness, and 

Q{r) is, again, the shear force per unit length as a function of r. The coefficient a is the shear 

correction factor. The boundary condition in this example case is: 
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BC4 :w{r = a)=0 (2.12) 

By integrating the differential equation and applying the imposed boundary condition, the 

deflection of the plate w{r) can be determined. The swept volume associated with this deflection 

can be calculated according to Equation (2.6). For this example plate shearing case, the plate 

deflection at the inner radius (r=b)and the swept volume under the plate are found to be: 

«;.ftear(6)=[H^,,_(JP (2.13) 

dV,near=[^^V,,JP (2-14) 

where 5^      /^ and HJ,/       are the plate shear compliances, 
VshearK") "■'shear '^ '^ 

These compliance coefiicients are derived in detail in Appendix A.l. 

2.2.3 Combined Deflection Due to Bending and Shearing 

The total deflection at (r=b) and swept volume of the plate are sums of those contributions 

due to pure bending effects and shearing effects. In this example case, the plate deflection and 

swept volume can therefore be written, respectively, as: 

'iV - [2kn.„. + ^khj P = KK] P (2.18) 

It is clear from this example that the plate deflection at a desired location and the swept 

volume can be expressed as linear functions of the loading parameters. 

2.2.4 Comparison of Bending/Shearing Deflections 

To illustrate the importance of the bending and shearing contributions to the example symmet- 

ric annular plate discussed thus far, the overall radial dimensions of the plate and the applied 

pressure loading are held constant and the plate thickness is varied from a value that is small 

compared to the plate radial dimensions to a value that is of the same order of magnitude as 

the radial dimensions. In doing this, one would expect to observe an increasing importance of 
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the shearing contribution as the plate thickness increases. The following dimensions, material 

constants, and loading parameters are assigned to the example case, and are typical of those 

found in the proposed active valve: 

a = 3mm, b = 0.5mm, E = 165GPa, u = 0.22, a = 1.5, P = IMPa. (2.19) 

Deflections (at r=b) due to bending and shearing are calculated as the plate thickness is varied 

from t = 20^m to f = 2mm. The results are shown in Figure 2.3. 
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Figiure 2.3: Bending and shearing contributions to plate deflection at inner radius (r=b). The 
plot on the right is a close-up view. As the ratio of plate thickness to plate outer radius 
approaches 1, the deflection due to shearing becomes important. For ratios << 1, shearing 
effects Jire inconsequential compared to bending effects. 

These results illustrate the importance of shearing effects as the ratio of plate thickness 

to plate outer radius approaches 1. For ratios significantly less than 1, deflections due to 

bending far exceed those due to shearing. In this case, neglecting the shear contributions 

would have little effect on the calculated deformation. On the other hand, for ratios near and 

greater than 1, shear contributions are important and therefore, neglecting them would result 

in overall deformations smaller than those expected in reality. For each of the compliant plate 

structures within the active valve, except for the valve membrane (where its thickness « radial 

dimensions), both bending and shear effects are included in the deformation analyses. 

2.3    Detailed Structural Modeling 

2.3.1    Piezoelectric Material Behavior 

The piezoelectric material cylinder within the valve drive element strains when a voltage is 

applied to it. Often, the loading on the material may increase during this actuation step. In 

the drive element structure, this actuation compressive loading is a combination of the hydraulic 
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amplification chamber pressure acting over the piston top surface and the tensile drive element 

tether force acting along the piston outer circumference. In general, for a bulk cylindrical 

piezoelectric element, as shown in Figure 2.4, subject to an applied voltage Vp and an actuation 

compressive axial stress ATp, the material axial strain is: 

r\ 

Tp 

Zp 

+ 
u 

^                       ////// 

Figure 2.4: Cylindrical piezoelectric element with applied voltage and stress loading. 

AZ„      dssFp     ATp 
E„ 

(2.20) 

The parameter ^33 is the piezoelectric material coefficient and Ep is the modulus of elasticity. 

Under the case of zero actuation loading, ATp = 0, the material experiences a maximum strain 

in response to a voltage Yp. This is termed the free strain condition, Spj^ee — ^L ''• At a 

sufficiently large external load, the material experiences no net strain in response to a voltage. 

This is termed the blocked force condition, ATp_6;ocfced =   ^^J ''• 

Equation 2.20 assumes perfect SS-direction actuation. In reahty, this is not achieved due to 

transverse clamping of the piezoelectric element at its top and bottom. However, the incorpo- 

ration of multiple, smaller diameter piezoelectric elements rather than a single large diameter 

element helps to reduce this clamping effect and supports the assumption. The implementation 

of multiple, smaller diameter piezoelectric elements is discussed in Section 2.5. For the purposes 

of the active valve model development in this section, however, a single piezoelectric material 

cylinder placed at the center of the drive element chamber is assumed. 

2.3.2    Drive Element Piston and Tether Behavior 

The drive element substructvure provides a volume change, which is transferred to the valve 

cap/membrane through the use of hydraulic fluid. In an ideal case, the drive piston would be a 

rigid structure and the drive element tethers would be stiff enough to resist significant volume 

deformation due to the hydraulic amplification chamber pressure, yet compliant enough to 

allow for adequate piston deflection and to ensure tether stresses below critical levels. The 

drive element piston and tether structure can be broken into two linked sub-models, as shown 

in Figure 2.5. The first sub-model captures the behavior of the drive piston and the second 

sub-model captures the behavior of the drive element tethers. 
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Figure 2.5: Simplification of pressure and stress loading on the drive element piston for use in 
the linejir deflection analysis of the drive element tethers. 
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Drive Element Piston 

Figures 2.5(b) and 2.5(c) present two potential ways to model the deformation of the drive 

element piston. Both scenarios model the piston as a circular plate with outer radius Rpis and 

thickness tpis and assume the plate to experience a guided boundary condition at its center. 

Finite-element models have shown this to be a more appropriate (and conservative) boundary 

condition than enforcing a guided boundary condition at the edge of piezo material, Rp. The 

piezoelectric material is not infinitely rigid, and therefore does allow for plate bending over 

the region where the material contcicts the piston. The primary difference in the two scenarios 

is the boundary condition assumptions at the outer piston radius Rpis- If the drive element 

tethers possessed negUgible stiffness, one could assume that they exert £in insignificant bending 

moment on the drive piston, resulting in an appropriate hinged boundary condition at Rpis, as 

shown in Figure 2.5(b). On the other hand, if the tethers possessed an infinite stiffness, one 

could assume them to create a rigid boundary on the piston at this location, as shown in Figine 

2.5(c). Finite-element studies have shown that for the typical range of design space for the 

tethers and piston in this active valve device, the actual structural behavior is approximately 

halfway between these two Umiting scenarios. Therefore, the drive element piston compliances 

are taken as the average of these limiting scenarios. The hydraulic amplification chamber 

pressure PHAC acts over the entire top surface of the plate from r = 0 to r = Rpis and the 

piezoelectric material stress Tp acts over the bottom surface of the plate firom r = 0 to r = Rp. 

The piston center deflection Zpis and piston swept volume dVpis (referenced to the hinged outer 

radius) can therefore be represented by the following relations, 

Zpis = [^1,]TP-[EI^;\ PHAC (2-21) 

dVpis = [E^VJ Tp - Kv^, J PHAC (2.22) 

where H^ . , 2^ . , ^av ■ J ^^^ —dV •   ^^^ *^^ compliance coefiicients defined expUcitly in 

Appendix A.2. 

Drive Element Tethers 

In Figure 2.5(c), each drive element tether is modeled as a circular plate with inner radius Rpis 

and outer radius Rch- In order to allow for flexibility in design, the top and bottom tethers are 

defined to have different thicknesses {ttetop or ttebot)- Again, assuming that the piston slope at 

Rpis is zero, the boundary condition on each tether at this location is that of a guided interface. 

At Rch, each plate is rigidly clamped to the valve support structure. The top tether experiences 

a concentrated force Ftetop at r = Rpis and a pressure loading PHAC from r = Rpis to r = Rch 
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while the bottom tether experiences only a concentrated force Ftebot at r = Rpis. The deflection 

(at r = Rpig) and swept volume of the top tether alone can be written as, 

Ztetop - [^Zutcp] ^tetop " [^Zuiop] ^i HAC (2.23) 

A.2. 

dVtetop = [^■dVt.top] ^tetop - [-dYt^top] PHAC + ApisZtetop (2.24) 

where H^,,^^^^, H^^^^^, Hjvie,op' *°<^ -dVt.top ^^ coefficients defined explicitly in Appendix 

The deflection (at r = Rpi,) and swept volume of the bottom tether alone can be written 
as, 

Hebot = H  1 tebot (2.25) 

dVt tebot - F<iV,.6„,J Ptebot + -^pts^tetot (2.26) 

where Hf ^   and "E^^ are coefiicients defined explicitly in Appendix A.2. 

Although the equations for the behavior of each tether alone are straightforward, the behav- 

ior resulting from both tethers together is more complex. In a two-tether system, both tethers 

share the same deflection at r = Rpi,; that is, Zte = Ztetop = Ztetot- Additionally, the sum of 

the piston forces on the tethers must be equal to the total force on the piston itself, 

^tetop + Ftebot — Fpigton — ApTp — Api^PffyiC- (2.27) 

The distribution of this force on the tethers is determined by the relative stifltnesses of the 

tethers, and therefore, the force taken by the top tether can be written as. 

^tetop — CF 

E^ 

'^tcbot        '~'Zuiop. 
^piston (2.28) 

One can observe from this relation that if the bottom tether has a thickness much less than 

that of the top tether (ie: E^ 
ibol 

» E £e(op)' *'^^^ ^^^ °^ ^^^ piston load is taken by the top 
tether, Ftetop ~ Fpiston- Likewise, if the tethers have the same thickness, then each tether carries 

half of the piston force. Following these arguments, the tether deflection (at r = Rpi^) and the 

tether swept volume can be expressed as. 

■■'te Ztetop — 

iF        ^F 

■SF 
Z tebot "Ztetop 

{ApTp - ApisPfiAc) - 
E^      E'' 
"Ztctop^Zicbot 

+ E TJP 
Ztetop 

HAC (2.29) 
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dVte = dVtetop {ApTp - ApisPHAc) - 
^dVtetop '~'Ztebot 

PHAC + ApisZte 

(2.30) 

In this manner, the deflection of the drive element piston outer radius and the swept volume 

of the piston and top tether is determined. 

Combined Piston and Tether Behavior 

Having modeled the piston and tethers individually, it is now possible to express the complete 

piston/tether deflection and swept volume. The drive element piston center deflection with 

respect to the active valve structural support is the sum of the piston deflection in the first 

sub-model and the tether deflection in the second sub-model, 

^de — Zpis + ^te- (2.31) 

Likewise, the total drive element volume change is the sum of the piston swept volume in 

the first sub-model and the top tether swept volume in the second sub-model, 

dVde = dVpis + dVte. (2.32) 

These relations, therefore, fully describe the drive element center deflection and swept vol- 

imie as a function of the piston and tether stiffness coeSicients and the loading, Tp and PHAC- 

2.3.3    Bottom Structural Compliance 

A rigid valve structure beneath the piezoelectric material cylinder would ensure that all of 

the piezoelectric strain during actuation goes into the drive element volume change needed for 

valve cap motion. In reality, this structure is not rigid and as a result this bottom structure 

deformation serves only to reduce the effective volume change that can be produced by the 

drive element. 

As shown in Figure 2.6, this structure can be modeled as a circular plate with thickness tbot, 

guided at its center, and clamped at outer radius Rch- Again, as for the drive element piston, 

the assumption that the piezo in no way helps to stiffen the plate is taken as a conservative 

estimate. The only loading applied to the plate is the piezoelectric material stress Tp firom 

r = 0 to r = Rp. The bottom plate center deflection Zbot can therefore be represented by the 

following relation, 

Zbot = -[El^,]Tp (2.33) 
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Figure 2.6: Compliance of bottom structure beneath piezoelectric material. 

where E^^^ is defined expUcitly in Appendix A.2. 

2.3.4    Fluid Compressibility 

During valve actuation, increased pressure within the hydraulic ampHfication chamber results 

in compression of the contained fluid. A portion of the drive element volume change will be 

lost in this undesired volume change of the fluid. The relationship between the fluid volume 

change (JVHAC and the fluid pressure change CLPHAC is: 

^_ = _(1^),P, HAC (2.34) 

where Kj is the fluid bulk modulus and VHAC is the total fluid volume of the hydraulic 
amplification chamber. 

2.3.5    Top Structural Compliance 

For efiicient hydraulic amplification within the active valve, the top structural compliance should 

be small so that minimal drive element actuation volume is lost in this chamber deformation. 

As shown in Figure 2.7, the top chamber structure can be modeled as an annular plate with 

inner radius fl^„, outer radius fi^A, and thickness t^p. At /?„„, the plate is fi:ee and experiences 

a concentrated force F„m, corresponding to the sum of all the forces acting on the valve cap 
and membrane, 

Fvm = PHAcA^m — PlAvc - P2{Avm — Avc)- (2.35) 

The plate is rigidly clamped at Rte- The plate experiences a pressure loading PHAC on its 
underside. 

The top plate inner radius deflection Ztop and swept volume dVtop can therefore be repre- 
sented by the following relation, 
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Figure 2.7:   Hydraulic amplification chamber structural deformation under PHAC and F^m 
loading. 

Zlop — ]Py/AC + [HfjF„. (2.36) 

dVtop = l^dVtop] PHAC + [^dVtop\ ^^m + A,mZtop (2.37) 

where H£^ , E)£^ , 'B.^Vto ' ^"^^ ^dVto ^^ defined explicitly in Appendix A.2. In reality, the 

region above the annular chamber structure will not be completely unsupported. As a result, 

this model provides a worst-case value for the structural chamber volume change. 

2.3.6    Valve Cap and Membrzine Behavior 

For the fluid flow directionality shown in Figure 2.1, a pressure drop occurs as the fluid flows 

radially inward over the valve membrane, through the contraction over the valve cap, and finally 

through the expansion into the exit channel. In the structural modeling of the valve cap and 

membrane, the pressure P2 is assumed constant over the valve membrane area and the pressmre 

Pi is assumed constant over the valve cap area (see Chapter 5 for further discussion of these 

fluid modeling assumptions). 

Figure 2.8: Valve membrane and cap, deflected upward from their equilibrium position, under 
pressure loadings PHAC, PI, and P2. 
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As shown in Figure 2.8, the valve membrane experiences a pressure loading PHAC over its 

entire bottom surface, a pressure loading Pj over the valve cap top surface, and a pressure 

loading P2 over the top surface of the valve membrane. The valve membrane can be modeled 

as a circular plate with thickness <„„,, a guided boundary condition at r = Rye, and a clamped 

boundary condition at r = R^m, with a pressure loading P„„ = {PHAC - P2) on the underside 

of the membrane and a concentrated force F„c = A,C{PHAC-PI) acting in the upward direction 

a.t r = Rye (see Figure 2.9). Bending of the valve cap is neglected in this model. For typical 

valve cap and membrane dimensions within the active valve structure, finite-element studies 

have shown that this rigid cap assumption is valid. 

Fvc 

-4 
Rvc ttttttttttttttttttt 

PVM 

RVM 

Figure 2.9: Simplified model of the valve cap and membrane with imposed boundary conditions 
and applied loading. 

For linear theory, the inner radius deflection Zyc and the swept volume dVym can be repre- 
sented by the following relations, 

^- = [H^„J Pym + [EQ P„e (2.38) 

dVvM = [E^V.J\ Pym + [H^V„„] P„C + AycZy, (2.39) 

where H^^^, E^^^, =^dv„„) ^^^ S^\/„„ are defined explicitly in Appendix A.2. 
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2.4    Full Active Valve Linear Model 

The complete quasi-static active valve model consists of Equations 6.2, 6.3, 6.4, 2.29, 2.30, 2.33, 

2.34, 2.35, 2.36, 2.37, 2.38, and 2.39, combined with the following two equations for displacement 

matching and volume conservation, 

Zp + Zbot — Zte + Zpis 

dVte + dVpis + dVfiuid - dVtop - dVy, 0. 

(2.40) 

(2.41) 

Figure 2.10 summarizes the modeling components of the active valve. All equations are 

represented in a Maple code that solves for Tp and all of the structural component displacements 

and swept volumes, given the voltage input Vp and the external valve cap and membrane 

pressure loadings Pi and P2. This model is included in Appendix A.2 for reference. 
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Figure 2.10: Complete linear quasi-static active valve structural model. 
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2.5    Impact of Multiple Piezoelectric Cylinders 

The previous development of analytical theory for the active valve has assumed the piezoelectric 

actuation material to be a single cylinder located at the center of the drive element piston. To 

stiffen the drive element actuator structure, it would be desirable to incorporate a matrix of 

small diameter piezoelectric rods under the piston rather than a single centrally-located large- 

size cyUnder (as long as the rods are sized properly to avoid buckling). Although incorporation 

of a matrix of rod structures is beyond the scope of this thesis, the use of three smaller diameter 

piezoelectric cylinders spread out beneath the piston is realizable (Chapter 8 experimentally 

evaluates this concept). This modeUng section investigates the benefits of using three smaUer 

diameter piezoelectric cylinders rather than a single centrally-located one in order to effectively 

"stiffen" the drive element piston and bottom plate structures. 

Since the analytical relations developed thus far have assumed plate theory with boundary 

conditions corresponding to a single centrally-located piezoelectric cylinder, and since deriva- 

tion of 3-dimensional plate behavior for multiple cylinder geometries is complex, finite-element 

models of the structural components are required. This section demonstrates, through example 

cases, how finite-element models of the drive element piston structure and bottom plate struc- 

ture can be used to determine the E^^, E^^, Ejv.^^^, E^y^^^, and E|^^ compliance coefficients for 

three-piezoelectric cyUnder geometries. Once determined, these coefficients can simply be sub- 

stituted into the corresponding structural equations developed for the single-cylinder geometry 
presented in Sections 2.3.2 and 2.3.3. 

2.5.1    Finite-Element Analysis of Piston 

As presented in Section 2.3.2, the E compliance coefficients for the piston structure are taken 

as the average of the hinged and clamped boundary condition scenarios at Rp. For clarity, this 

section will analyze the effects of three piezoelectric cylinders on a drive piston in the hinged 

boundary condition scenario. A similar procedure can be carried out for the clamped scenario, 
but is not documented in the section. 

To illustrate the benefits of using three piezoelectric cylinders, a finite-element study com- 

paring a single piezoelectric cylinder piston geometry to geometries with three piezoelectric 

cyUnders is presented. In this study, representative piston geometry and material properties 

are taken to be: Rpi, = 3mm, <p„ = 800/im, Est = l65GPa, and usi = 0.22. For the single 

piezelectric cyUnder geometry, the cylinder radius is fip = 1mm. For the three piezoelectric 

cyUnder geometry, the radius of each cylinder is sized [Rp = 0.577mm) such that the total area 

of all three is identical to the area of the cyUnder in the single piezoelectric cylinder case. The 

distance R^p of each cylinder from the piston center is varied in this study to illustrate the 

effect of cyUnder placement on the piston compliance.  Schematics of the single cyUnder and 
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three cylinder finite-element model geometries axe shown in Figure 2.11. The piston structure 

is guided at its center (r = 0) and hinged at its outer radius (r = Rpis)- 

PHAC 

■^m4 ZP 

Rcp 
RPIS RPIS 

Figure 2.11: Finite-element (ANSYS) models of (a) a single centrally located piezoelectric 
cylinder beneath the drive element piston, and (b) a three piezoelectric cylinder design with 
the cylinders spread out beneath the drive element piston. 

To determine the compliance coefficients 5^ and '^dv,, ^^^ *^^ drive piston structure, a 

stress T is appUed on the underside of the piston where the cylinder(s) make contact. The 

resulting displacement at the center of the cylinder(s), Zp, and the resulting swept volume of 

the piston structure, dVpis are recorded. Similarly, to determine the compliance coefficients 

S^ and E^y. , a pressure P is applied on the entire top surface of the piston. The resulting 

displacement at the center of the cylinder(s), Zp, and the resulting swept volume of the piston 

structure, dVpis are recorded. Prom these responses, the compliance coefficients are calculated. 

Single Piezoelectric Cylinder Geometry 

In performing finite-element analyses for this single cylinder geometry, the resulting piston 

compliance coefficients were found to be: 

Loading Zp Compliance dVde Compliance 

Stress El=2Me-^^^^ Sk.=2.42e-i«pi 
Pressure S£=8.20e-i3m S^K. = l-08e-^^P^ 

Three Piezoelectric Cylinder Geometries 

Finite-element analyses for the three cylinder geometry were performed, with Rcp varying from 

1 mm to 2.25 mm. Figiure 2.12 plots the compliance coefficients of the three-cylinder geometries 

as a function of Rcp. Taking as an example case, Rcp = 2.25mm, the compliance coefficients 

were found to be: 

Loading Zp Compliance dVde Compliance 

Stress 2i=0.36e-i3m Hk,-0.94e-i«pi 
Pressure El = 3.12e-i3|L HJK„. = 1.08e-^^^ 
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Figxire 2.12: Compliance coefficients of the three cylinder piston eeometry for varying fi„: fa) 
Hi^,(b)=J,^..,,(c)E-^,and(d)H-    . V   ^   .U 

In comparing these results (for Rcp=2.25 mm) to those of the single cylinder geometry, it 

is observed that H^^ is reduced by 5.8x, Hj^^.^ is reduced by 2.6x, and Sf is reduced by 2.6x. 

Clearly, the use of three cyUnders spread out beneath the piston is beneficial in reducing these 

coefficients, and therefore stiffening the structure, ^^v i,-> however, remains the same. This is 

expected since the swept volume of the piston structure (with no cylinders present below) in 

response to an applied pressure on the piston top surface should be identical for the single and 

three cylinder geometries. These results demonstrate the stiffening benefits of incorporating 

three piezoelectric cylinders beneath the drive element piston rather than a single centrally- 

located one. With these types of finite-element models, one can obtain compUance coefficients 

for a particular three cylinder drive piston geometry and use these coefficients in the analytical 

equations developed in Section 2.3.2 to accurately model the valve structural behavior. 
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2.5.2    Finite-Element Analysis of Bottom Plate 

To illustrate the stiffening benefit of using three piezoelectric cylinders above the bottom plate, 

a finite-element study comparing a single piezoelectric cylinder bottom plate geometry to ge- 

ometries with three piezoelectric cylinders is presented. In this study, the chamber bottom 

plate geometry and material properties are assumed to be: Rte = 3.2mm, tpis = lOOOfim, 

Esi = 165GPa, and vsi = 0.22. For the single piezelectric cyUuder geometry, the cylinder ra- 

dius is Rp = 1mm. For the three piezoelectric cylinder geometry, the radius of each cyUnder is 

sized {Rp = 0.577mm) such that the total area of all three is identical to the area of the cylinder 

in the single piezoelectric cylinder case. Schematics of the single cyUnder and three cylinder 

finite-element model geometries are shown in Figure 2.13. The piston structure is guided at its 

center {r = 0) and clamped at its outer radius (r = Ru)- 

RTE RTE 

Figure 2.13: Finite-element (ANSYS) models of bottom plate structure with (a) a single cen- 
trally located cylinder above the bottom plate, and (b) a three cylinder design, with the cylinders 
spread out above the bottom plate. 

To determine the compliance coefficient for the bottom plate structure S^^^^^, a pressure 

(stress) T is apphed to the top surface of the plate where the cylinder(s) make contact. The 

resulting displacement at the center of the cylinder(s), Zbot is recorded. From this response, 

the compliance coefficient is calculated. 

Single Piezoelectric Cylinder Geometry 

In performing the finite-element analysis for this single cyhnder geometry, the resulting piston 

compliance coefficient was found to be: 

Loading Zhot Compliance 

Stress -L,=4.79e--- 

Three Piezoelectric Cylinder Geometries 

Finite-element analyses for the three cylinder geometry were performed, with R^p varying from 

1 mm to 2.25 mm.   Figure 2.14 plots the compliance coefficient H^^^^ of the three-cylinder 
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geometry as a function of this varying R^p.  Taking as an example case, Rep = 2.25mm, the 

compliance coefficient was found to be: 

Loading Ziot Compliance 

Stress TJT       _ n qn   -14 m 

In comparing this result (for J?<.p=2.25 mm) to that of the smgle cylinder geometry, it is 

observed that E^^ is reduced by 4.9x. Clearly, the use of three cylinders spread out above the 

bottom plate is beneficial in reducing the amount by which the centers of the cylinders move 

downward into the plate. These results demonstrate the stiffening benefits of incorporating 

three piezoelectric cylinders above the bottom plate structure rather than a single centrally- 

located one. With this type of finite-element model, one can obtain the compliance coefficient 

for a particular three cylinder bottom plate geometry and use this coefficient in the analytical 

equations developed in Section 2.3.3 to accurately model the valve structural behavior. 

2.25 
R^(mm) 

Figure 2.14:   Compliance coefficient S^^^^ of the three cylinder bottom plate geometry for 
varying R^p. 

2.6    Further Modeling Issues 

The structural component that requires additional modeling focus is that of the valve cap and 

membrane. For the typical design space in the proposed active valve, this plate/membrane 

structure is designed to have a thickness of approximately 10 ^m, yet experience deflections 

on this order or larger. In this deflection regime, the plate will begin to stretch, resultmg in 

the generation of in-plane tensile stresses that are unaccounted for in the hnear plate theory 

presented in this chapter. The drive element tethers also possess thicknesses near 10 /im, 

however, because the piston deflection during device operation is expected to be only 1-2 /im, 

these tethers can be accurately modeled by the hnear relations detailed thus far. 
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2.7    Conclusions 

This chapter has developed a hnear, quasi-static structural model of the proposed active valve 

device, including piezoelectric material behavior, deformation of the drive element tethers and 

the valve cap/membrane structure, and the compliances associated with the drive element 

piston, bottom structural plate, top structural plate, and hydraulic fluid. In addition, the 

chapter has demonstrated, through the use of representative finite-element models, the benefits 

of incorporating multiple piezoelectric cylinders spread out beneath the drive element piston 

rather than a single centrally-located one. The following chapter will detail the development of 

numerical non-linear modeling tools for understanding the large deflection deformation behavior 

of the valve cap and membrajie structure. 
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Chapter 3 

Non-Linear Deformation of the 

Valve Cap and Membrane 

This chapter presents the development of a numerical code for the non-linear large-deflection 

modeling of a thin annular plate structure with rigid central cap under pressure loading. This 

theory has been specifically developed to model the valve cap and membrane behavior in the 

proposed active valve device. The chapter begins within an introduction to the valve cap geom- 

etry under investigation and the associated nature of the geometric non-linearity. The theory 

behind this non-linear deformation is then presented, with detailed derivation of the governing 

equations used in the numerical integration. Representative loading plots for a given valve 

geometry are then presented to illustrate the numerical code's capability to capture in-plane 

tensile stresses and boundary layer phenomena. Lastly, three Matlab-*^^ codes are presented 

that serve as non-linear modeling tools for use in Chapters 4, 5, and 8 of this thesis. The 

finite-differencing scheme presented in this chapter is based upon the work of Su [1]. 

3.1    Introduction 

In general, the deflection of a structural plate can be represented using linear deformation 

theory only if the deflection of the plate is less than about half the thickness of the plate. In 

this small deflection regime, it can be assumed that the plate's neutral axis is unchanged in 

length as it deforms, ie: it experiences no tensile stress. The only stresses that exist in this 

plate are the compressive and tensile bending stresses above and below this neutral axis. In a 

plate experiencing large deflections (that is, deflections greater than half the thickness of the 

plate), however, the plate begins to stretch and the assumption of zero in-plane tensile stress 

at the neutral axis is no longer valid. As the plate is deformed more and more into the large 

deflection regime, the in-plane tensile stress begins to dominate the bending stresses, thereby 
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increasing the plate stiffness. This marks the onset of membrane behavior, characterized by 

the inability to withstand bending moments. For plates that experience loads that create this 

large deflection behavior, it is critical that this in-plane stress be modeled and that the plate 
stiffening effects be captured. 

3.2    Plate Geometry 

The plate geometry under consideration in this chapter is shown in Figure 3.1. The plate has 

outer radius, TQ, inner radius rj, thickness t, a Young's Modulus E, and a poisson ratio u. The 

plate is clamped at its outer radius and guided at its inner radius. The assumption of a guided 

boundary condition at r;, is a reasonable one since bending of the valve cap is negUgible. The 

plate experiences a pressure loading p underneath the plate from rj, to Va and a concentrated 

circumferential force / at rj,. 

-fb 

[f 

rnTTP 
p 

Figure 3.1: Schematic of an annular plate with a rigid central boss under pressure loading. 

3.3    Theory 

The work presented in this chapter is an extension of Sheplak and Dugundji's work on the large 

deflection behavior of clamped circular plates (without rigid central caps) [2]. Additionally, the 

finite-difference implementation contained within this chapter is the result of work done by Su 

[!]• 

3.3.1    Assumptions 

This chapter follows von Karman plate theory, in which the vertical displacement of the plate 

w is assumed to be much larger than the lateral displacement u and v and the normals to the 

undeformed middle surface remain the normals to the deformed middle surface. As a result, the 

deformed shape of the thin plate can be fully described by the geometry of the neutral surface. 

In this analysis, only quadratic non-linear terms are retained. 
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3.3.2    Equilibrium Equations 

The forces and moments experienced by a small section of the plate are shown in Figure 3.2, 

where Mr and Me are the radial and tangential moments respectively, Nr is the in-plane tension 

load per unit circumference, and Qr is the shear force per unit circumference. 

Ne 

(a) 

Qr + -jp-dr 

-Nr+^dr 
dr 

Mr + f^^dr 
Nr + -3—dr 

dr 

Q,.f'dr 

(c) 

Figiure 3.2: Force and moment free-body diagrams for an infinitesimal annular plate section: 
(a) top view of plate, (b) top view of plate section, (c) side-view of plate section. 

To obtain the equilibrium equations for this plate, a radial force balance, a z-direction force 

balance, and a circumferential moment balance are performed. 

The radial force balance produces the following initial relation. 

yPr^ (Nr + ^dr)(cos^){r + dr)de - Nr{cos^)rde - 2Ng{sin^)dr - 
dr dr' 

(Qr + ^dr){siJ^){r + dr)de + Qr{sin'^)rde - p{sin^)rdrde = 0. 
dr dr dr dr 

The z-direction force balance produces the following initial relation. 

(3.1) 

71 



J^Fz-^ {Nr + ^dr){sin^){r + dr)de - Nr{siJ^)rd9 + 
ar dr dr 

(Qr + -^dr)(cos^)(r + dr)de - Qr{cos^)rd9 + p{cos^)rdrd8 = 0. (3.2) 

The circumferential moment balance produces the following initial relation, 

Y^M,-* {M, + -^dT){r + dT)dB - MrrdB + {Q, + ^dr)(r + dr)(r + dr)de - Q^dS = 0.  (3.3) 

Using the following simplifying relations which hold true for the plate section, 

(drf «: dr 

the force and moment equilibrium balances can be simplified to the following equations 
respectively, 

iV.-iV, + r(^)=0, (3.4) 

d (^^   dw\      d ,^   . 

dw .  dw     dw . de de cos— 1       , am—— ~ — sm— ' dr dr      dr *"'2 2 

and 
dMr     (Mr-Me\ 

3.3.3    Geometric Compatibilities 

The radial elongation of the neutral axis during deformation can be represented by the following 

strain displsu^ement relation [3], 

du     1 fduY     fdw\' , 

Based on the assumption that u >Cio, it follows that the term (^)2 is negligible compared 

to the term (^)^. Therefore, the radial strain displacement relation can be simplified to 

du     1 (dw\^ 
'^ = Tr^2\:d;^)   ■ (3-8) 

The circumferential strain-displacement relationship is 
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eg = -. (3.9) 
r 

The first and second principle curvatures for the plate are [3] 

(Pw 1 dw 
"^ = "6^   '   "'^—ri;;^- ^^-^^^ 

3.3.4    Constitutive Laws 

Assuming that the plate experiences plane stress, ie: no variations in stress occur through the 

thickness of the plate, the material Hooke's Law can be written as 

I  (Nr Ng\ I   (Ne Nr\ ,        . 

where E and v are the material Young's Modulus and Poisson Ratio respectively. Moment 

equilibrium in the plate yields 

Mr = -D{Kr + VKe)        , Mg = -D{Ke + l^Kr) (3.12) 

where D is the plate flexural rigidity, defined by 

3.3.5    Governing Equations 

Beginning with the three equiUbrium equations (5.9), (5.10), and (3.6), the governing difi'erential 

equations for the plate can be derived. Integrating (5.10) with respect to r from r^ to r yields 

iQrr-Qr.n)+(Nr^-Nr,[^)^yip{r'-4)=0 (3.14) 

Since the shear force at rj is Qr^ = ^^ and since •(^)r6 = 0, it follows that 

Substituting the moment-curvature relations (3.12) into (3.6) gives 

j.(d^w     l(fw      1 dw\ _ /''^1fi^ 
\ dr^      r dr"^      r^ dr j 
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Combining (3.16) with (3.15) produces 

dr^      r dr2      r^ dr      D dr ~ 2^^ '^      2rD     ' ^^'^^^ 

Rewriting the strain-displacement relations (3.8) and (3.9) in the following manner, 

dcr 1 /dwY     „ 
^■^^+^"-^'• + 2(^7;   =^' (3.18) 

and substituting the material Hooke's Law relations (3.11) into (3.18) produces 

dNg     /Nr-Ne\     Eh (dw\^    „ 

Equations (5.9), (3.17), and (3.19), therefore form a set of three non-linear differential 

equations in the three unknowns Nr, Ng, and w. The boundary conditions corresponding to 

these equations can be written as follows: 

at   r = Tft: u =^ reg = 0-^ Ng - uNr = 0,       "T" = 0 (3.20) 

at   r = Ta : u = reg = 0-^ Ng - vN^ = 0,       -^ = 0 (3.21) 
dr 

It is interesting to note at this point that these equations are non-linear because of the term 

"D ■^ '"^ (3.17). If the plate were deforming only in the linear regime, the term N^ = 0, and 

therefore the three governing differential equations would condense into the following single 

linear equation, 

dr3 "*" r dr2 ~ ^^ d7 ~ 2^^ ^      2rD ^^'^^^ 

which could be integrated three times to obtain a solution for w(r), as was detailed in 

Chapter 2 of this thesis. 

3.3.6    In-Plane Prestress 

As often is the case with micromachined thin plate structures, residual tensile stresses in the 

plate can exist prior to transverse loading. These initial in-plane loads serve to pretension the 

plate and can significantly affect the resulting deformation behavior. The complete loading 

parameters, Nr and Ng, can therefore be decomposed into initial in-plane prestressing compo- 

nents Nro and Ngo, and into components due to the transverse pressure loading Nr and Ng, as 
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follows: 

Nr = Nro + Nr (3.23) 

Ne = Neo + Ng. (3.24) 

These parameters, jffr and Ng, can be thought of as incremental changes in Nr and Ng due 

to the apphcation of the transverse loading on top of the already prestressed plate. 

Derivation of Nro and Ngg 

It is desired to obtain expressions for the in-plane prestress that results from a uniform tension 

load Nr = No applied at r = To with zero displacement u = 0 at r = r^. Since p = 0 and 

■w{r) and its derivatives with respect to r are zero, only (5.9) of the three governing equations 

remains. The strain-displacement relations (3.8) and (3.9) can be simplified to: 

Figure 3.3: Schematic of an annular plate with a rigid central boss under pretension. Loading 
No is applied radially outward ht r — ra 

Cr = 
du 
dr ee = (3.25) 

Substituting (3.25) into (3.11) and rearranging for Nr and Ng produces 

-'-{j^)ifyT) ' --(i^)(^f-7)-    (-' 
Inserting (3.26 into (5.9) results in a solution for u{r): 

u{r) — 
No 

(Tf^)[(l+'^) + (?t)'(l-'^)] r 
(3.27) 

Inserting this relation for u{r) back into (3.26) yields the following expressions for the initial 

in-plane tensile loads: 
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and 

''" = {x^)[-^'{^)] (3.2.) 
where 

It is interesting to observe here that these in-plane tensile loads vary with r, unlike the 

in-plane tensile loads for a circular plate with no rigid central boss, which do not vary with r, 

Nro = Neo =    "^^^   ' . (3.31) 

Governing Equations for Complete Loading 

Having found expressions for the initial prestressing in-plane loads, (5.2) and (3.29) can be 
substituted into the three previous governing differential equations (5.9), (3.17), and 3.19) to 
produce the following three refined governing equations, in terms of Ny, Ng, and Ng, 

__ + ^__^.0, (3.32) 

d^w     Ifw _ (D(lipi)+A dw _ /iVj. No      \ dw _     f        p(r^ - rf) 
dr3      rdr^      ^        r^        j dr      [D '^ D(l + p^)j dr " 2^^ "^      2rD     '   ^^'^^^ 

and 
dNr     fNr-Ne\     Et/dw\^    „ 

3.3.7    Non-Dimensionalized Governing Equations 

In order to generalize these equations for ease of use, the non-dimensionalization procedure 
of Sheplak and Dugxmdji is followed, with the subsequent non-dimensional parameters being 
defined. 

ra a? t       . h 

di        t dr ~ d^~  t dr^ 
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The governing equations (3.32), (3.33), and (3.34) can therefore be reexpressed in non- 

dimensional form as 

5; + ^^^ = 0, (3.36) 

." + ?-a^ + ^^ + 

and 

where 

-\ e- 12(1 - 1/2)5,0 = 6(1 - u^) (p^ - j (^y + j] ,       (3.37) 

5^-(^^)=-^^' (3-38) 

The parameters fc and s are dimensionless pretension parameters and P is a dimensionless 

transverse loading parameter. The boundary conditions can be written as 

at   ^ = ib = — - Se-i^Sr = 0      ,       61 = 0 (3.40) 

at   ^ = ^a = l- Se-uSr = 0      ,      61 = 0. (3.41) 

For use in the numerical finite-difference code to be discussed in the next section, (3.36), 

(3.37), and (3.38) can be simplified to two non-dimensional governing equations in the variables 

Sr and 6 by substituting (3.36) into (3.38) to eliminate Sg. Therefore, the following set of 

equations is ready for finite-difference implementation: 

eS'; + 3^S', = -j (3.42) 

ee" + ^e' - [{s^ + 1) + e{k^ + 12(1 - 'y^)Sr)]6 = 6(1 - 1/2) f P^3 _ p^ f^^y ^ pA   (3 43) 
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where 

._(ra\   /l2(l-».2)Ar„ 

Ef^ 
F= f^y 

nEt* 
(3.44) 

Boundary Conditions: 

at   ^ = 6: ^5; + (1 - u)Sr = 0        , e = Q (3.45) 

at   ^ = ^a: e5; + (i-z/)5, = o   , e = o (3.46) 

Post-Equation: 

Se = ^Sl + Sr. (3.47) 

3.3.8    Finite-Difference Implementation 

The non-linear dimensionless governing differential equations (3.42) and (3.43) can not be solved 

directly due to the presence of the non-linear term Sr0 in (3.43). As a result, they must be 

numerically solved. This section details the implementation of a finite-difference scheme to 

accomplish this goal. Sheplak and Dugundji's work on the non-Unear deflection of clamped cir- 

cular plates highlights the importance of a boundary layer region near the plate's clamped outer 

radius. For large deflections, it is within this region that a transition from membrane behav- 

ior to plate bending behavior occurs. To accurately model this region, Sheplak and Dugundji 

introduced a coordinate transformation that clusters a higher density of finite-difference grid 

points in this region than in the central regions of the plate. 

In the case of an annular plate with clamped outer radius and guided inner radius (cor- 

responding to a rigid central cap), a similar procedure can be carried out. However, in this 

situation, it is necessary to introduce a more detailed coordinate transformation that clusters 

grid points at both r = ra and r = rt so that the two corresponding boundary layer regions 

can be accurately resolved. Letting (c = ^(6 + U and defining 7/ to be a set of equaUy spaced 

grid points between 0 and 1, a proposed coordinate transformation is: 

for     0<,;<0.5: ^ = ^, + (« _ 1)(^, _ ^,) ^1_|^^ (3.48) 

far     0.5<T,<1: ^ = ^, + (a - m,-^ U-^\ (3.49) 

where a is a coordinate stretching parameter varying between 1 and cx) and <f> = [s±i]. 
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The closer a is to 1, the higher the mesh density near r = ri, and r = r-o in the coordinate 

transformation. 

An example of this coordinate transformation is illustrated in Figure 3.4, for the case of 

^6 = 0.1 and for 20 grid points existing between ^6 and ^a- In Plot 3.4(a), a value of a = 10 

results in an evenly spaced finite-diflFerence grid mesh between the inner and outer dimensionless 

boundary of the plate. As a approaches 1 in Plots 3.4(c) and 3.4(d), an increase in the mesh 

density begins to appear near the boundaries. For the numerical code implemented in this 

thesis, values of a between 1.01 and 1.05 and number of grid points between 100 and 200 were 

commonly employed. 

(a) 
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1 
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Figure 3.4: Coordinate transformation grid point locations for differing values of a. 

Having defined these coordinate transformations, it is required to derive equations for rj, ^, 

and C? as functions of ^ for use in the final coordinate transformation governing differential 

equations to be presented on the following pages. Rearranging (3.48) and (3.49) and taking 

derivatives with respect to ^ produces the following relations: 

For ^6 < C < Cc: 

-K'-(sJ^)K^=fe|ff)) 

d^ lln.?!. V 
m(l + (/)) 

(m^-(^-6))(m + (^-e6)) 

(3.50) 

(3.51) 
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^ = -ZL / m(l + 4>){n - 20 \ 

where "i = (a -1) (^c - 6) (3.53) 

where n = m4>-m + 2^(,. 

For ^e < e < U- 

^ ^   -1   / m(l + 4>) \ 
d^      2ln<f>{{m,p-((-^,))(m + (^-^,))) ^^■^^'> 

A ^ _J_ / m(l + ^)(n - 20 \ 
de      21n^V[(m0-(e-U)(m + (e-^a))pj (3-5^) 

w/iere m = {a-1){(^ - ^„) (3.57) 

where n = m(f>-m + 2^a- 

Incorporating these coordinate transformations into the set of Equations (3.42) - (3.47), the 

transformed set of equations can be written as 

^^("^ (1)^ ^ - 0'^)$ ^^C')!) ^ - [('^ + 1) + ^^'')(^= -H 12(1 - .^)5.(.)] .(,) 

= 6(1 - u') (^Pe(r,) - P^V) {^y + Fav))     (3.59) 

Boundciry Conditions: 

at   ,, = 0: ^(^0)(^^j+(i_^)5^(^)=O      ,       %) = 0 (3.60) 

a<   r? = l: ^^|)^^)+(i_^)5^(^)^0      ,      e^^O (3.61) 
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Post-Equation: 

Seiv)=av){^)'-^ + SAv). (3.62) 

These equations are solved using a 2nd-order central finite difference scheme for the interior 

grid points, a 2nd-order forward difference scheme for the grid point corresponding to the 

boundary condition at the inner radius, and a 2nd-order backward difference scheme for the 

grid point corresponding to the boundary condition at the outer radius. These equations are 

cast into two matrix relations as follows: 

[A]e = C (3.63) 

[B]Sr = -\e\ (3.64) 

An initial guess for 9 is taken based on the solution to the linear problem. Based on this 6, 

Sr is determined and the nonlinear term 12(1 — i'^)^^iri)Sr is calculated. Having incorporated 

this nonlinear term into [A], the new solution for 6 is determined. The error between the 

previous 6 and the newly obtained 0 is calculated. If this error is sufficiently small, then the 

procedtnre is complete and the solution vector 6 has been found. If the error is too large, an 

under relaxation technique is used to produce a new 6 guess and the procedure is repeated. 

This iteration scheme continues until 6 converges to a sufficiently accurate result. 

3.3.9    Post-Processing Calculations 

Once the non-hnear solution procedure has been completed and Sr, Sg, and 9 have been found, 

it is desired to obtain the deflection w of the plate, the curvature ^ of the plate, and the 

stresses CTr and ag within the plate. These calculations are described in the following sections. 

Calculation of w 

As detailed in (3.35), 9 = ^ = ^^. To calculate w, finite differences are implemented to 

express 9 in terms of W, 

e=[Wmatrix]W. (3.65) 

Then, since the vector 9 is known, this relation is rearranged to solve for W, 

W = [Wmatrixr^O. (3.66) 

Finally, the dimensional vector w is calculated, 

w = Wt. (3.67) 
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Calculation of ^ 

The non-dimensional plate curvature * is calculated, according to (3.35), using 2nd-order finite 
difference schemes, 

* = —. 

The dimensional plate curvature is then calculated, 

(3.68) 

Calculation of a^ and ag 

In general, the dimensional plate stresses can be expressed as 

Ef, 
^r = —2- (Sro + Sr + Srfoending) (3.70) 

'a 

Ei^. 
^e = --2-{Seo + Sg + Sefiending) (3.71) 

' o 

where STO and Sgo are the dimensionless initial in-plane stresses prior to plate transverse 

loading, Sr and Sg are the dimesnionless in-plane stresses created during plate deflection, and 

Srfiending and Sg^ending are the dimensionless bending stresses created during plate deflection. 
Each of these contributions is considered as follows. 

Sro and Sgg   Combining (5.2), (3.29), and (3.35), the dimensional initial in-plane stresses are 
found to be 

Sr and Sg    These are the results directly from the numerical code. 

Srfiending and Sg^bending    For plate bending, the radial and tangential strains are functions of 
the distance from the neutral axis [3], 

_      cPw z dw 
^r.bending — ""■^'^^        > ^Bfiending = -j-- (3.73) 

According to (3.11), 
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er = —((Tr - t/ae)      ,      ee = —{ae - J^<^r)- (3.74) 

Substituting (3.73) into (3.74) and rearranging in terms of Cr and ae, then incorporating 

(3.35) yields, 

^r,bending — '^r,bending\.^) — ,-. _    2U ( ^ ""   "7" j 

Se,bending = Sgfiending{z) =  ,^ _    2\. ( 7 "*" '^^ ) ' 

(3.75) 

(3.76) 

Therefore, the dimensional plate stresses (Tr and erg can be eissembled from these three stress 

contributions. 

3.4    Results of Numerical Code 

This section presents results to illustrate the capability of the numerical code to capture the 

non-linear large deflection behavior of a thin annular plate with a rigid central cap. As an 

example, consider a silicon plate with rj = 400/im, Va = SOOfim, tym = TfJ'Tn, Esi = 165GPa, 

and V = 0.22. This structure is shown in Figure 3.5. The following subsections use this plate 

geometry under varying loads to show important non-linear phenomena. Sections 3.4.1 and 

3.4.2 highUght the differences between hnear and non-Unear deflection theory for two distinct 

loading scenarios. Section 3.4.3 focuses on the presence of thin boundary layer regions near the 

clamped boundaries and the change in these regions as the plate is deflected more and more into 

the large deflection regime. And Section 3.4.4 discusses the effect that initial in-plane tension 

can have on the plate deflection behavior. 

Pi 

P2 4-  -I-  * 

^ i I U 1 
P2 

1     i     I     1     i      I 
^tl/n t t ! T t ITTTIT 

*._ P3 

Figure 3.5: Schematic of an aimular plate with a rigid central boss under pressure loading Pi, 
Pa, and P3. 
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3.4.1    Loading: P^ = p<^ = 0, P3 = \mkPa, No = 0 

Figure 3.6 displays the linear and non-linear plate behavior for loading of Pj = Pj = OkPa 

and P3 = lOOkPa and zero initial in-plane tension. From plot(a), it is clear that the deOec- 

tion {= 11.5pm) calculated using the numerical code is significantly less than that {= n.Bfim) 

predicted by linear theory. Thin plate structures, such as the one under consideration, experi- 

ence significant in-plane stresses as the deflections grow larger than the plate thickness. It is 

evident that this non-linear code captures this behavior. Shown in plots (b) and (c) are the 

dimensional linear and non-linear plate slopes (f^) and curvatures (^). Note the boundary 

condition enforcement of zero slope at rj, and Ta- Plot (d) illustrates the stress a^ at the top 

and bottom plate surfaces predicted by the non-linear code. In this case, the peak tensile stress 

in the plate is 0A5GPa and occurs on the underside of the plate at Va- 
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Figure 3.6: Deflection of thin annular plate under loading P^ = P2 = 0, P3 = lOOkPa. Plate 
dimensions and properties: n = 400/im, Va = 800/im, t = T/^m, E^i = 165GPa, and u = 0.22. 

3.4.2    Loading: Pj = 2.90MPa, P^ = 0, P3 = l.SOMPa, iV^ = 0 

Figure 3.7 displays the linear and non-linear plate behavior for loading of Pi = 2.90MPa, 

P2 = OMPa and P3 = 1.30MPa, and zero initial in-plane tension loading.   These pressure 
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loadings were chosen to illustrate the difference between linear and non-linear theory even when 

the valve cap deflection predicted in both cases is identical. Prom plot (a), it is clear that the 

inner radius deflection predicted by both the linear and non-linear code is identical (= 0.7/im). 

However, the deflection behavior of the interior sections of the plate are quite different, due to 

the stiffening effect of the plate, which is accura:tely captured by the non-Unear code. Linear 

theory predicts a peak plate deflection near 18/im whereas non-Unear theory predicts a plate 

deflection near 9/zm. Shown in plots (b) and (c) are the dimensional linear and non-linear plate 

slopes (^) and curvatinres (^). Again, note the boundary condition enforcement of zero slope 

at Tft and TQ. Also, note the presence of near constant ciurvature toward the central portions of 

the plate for the non-hnear theory. This is due to the fact that the structure is behaving more 

like a membrane than a plate in these sections. At values of r closer to the boundaries at rt and 

j-fl, the curvature changes significantly. It is in these boundary layer regions that the bending 

stresses become greater than the in-plane tensile stresses, and the structure transitions back 

to plate behavior. Plot (d) further illustrates this point. The total stress CTr at the top and 

bottom plate smrfaces remain almost constant in these central membrane sections, however they 

increase sharply toward the boundaries. It is here that the bending stresses dominate. In this 

case, the peak tensile stress in the plate is approximately l.SOGPa and occurs on the bottom 

of the plate at rt. In this loading situation, although, the inner radius deflection is predicted 

to be the same by the linear and non-linear code, the deflection of the interior portions of the 

plate are quite different. When analyzing the active valve behavior, the volume swept under 

the membrane would be overestimated if linear theory were to be used. 

3.4.3    Loading: Pi = P2 = 0, Varying P3, iV^ = 0 

To understand the concept of increasing plate stiffness and the presence of thin boundary layers 

regions near r^ and ra as the plate is pushed further into the large deflection regime, the plate is 

subjected to varying pressure P3 beneath the membrane and cap and no other loading. Figure 

3.8(a) illustrates the cap deflection at r = r^ for increasing apphed pressure P3 from 0 to 10 MPa. 

A non-linear pressure-deflection curve is evident. As the plate experiences larger deflections, 

higher pressure increase increments are required to produce the same deflection increments. 

The plate is becoming stiffer as its deflection increases. Figure 3.8(b) shows a magnification 

of part of this curve, from 0 to 0.06 MPa applied pressure. Notice that the pressure-deflection 

curve is linear up to deflections of approximately half the plate thickness, t^m = Z-b/im. Linear 

deflection theory is accurate for this small deflection regime. 

Figmre 3.8(c) displays the normahzed plate deflection shapes for P3 loading of O.OlMPa, 

O.lMPa, IMPa, lOMPa, and lOOMPa. When P3 = O.OlMPa, the plate deflection is very small 

( 2.8/im), and therefore the plate experiences only bending stresses. When P3 = O.lMPa, the 

plate deflection is  11 fim and therefore the plate has entered the large deflection regime. From 
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Figure 3.7: Deflection of thin annular plate under loading Pi = 2.9MPa, P2 = 0, P3 = 1.3MPa. 
Plate dimensions and properties: r^ =: 400/im, r„ = SOO/^m, t = 7pm, E,i = U5GPa and 
u = 0.22. 

Figure 3.8(d), one can observe a slight reduction in the size of boundary layer regions near n 

and Ta. When P3 = lOMPa, the deflection is relatively large ( 64/zm). The boundary layers 

have been decreased to very thin regions. In the central portions of the plate, the in-plane tensile 

stresses dominate the bending stresses and therefore the plate curvature is constant. However, 

near the boundaries, the bending stresses are not negUgible and therefore the plate curvature 

changes significantly. This is the region of transition from membrane to plate behavior. 

3.4.4    Loading: Pj = P2 = 0, PHAC = lOOkPa, Varying No 

It is also interesting to note the effect of pretensioning on the plate deflection. Pretensioning 

the plate in the radial direction has the same effect as forcing the plate to experience large 

deflections, in that it increases the in-plane tensile stress within the plate. Figure 3.9 illustrates 

this phenomenon for the plate described above under pressure loading Pj = Pj = 0 and P3 = 

lOOkPa. As the plate pretension (in units of stress) is increased from zero to 750MPa, the plate 

deflection at r^ decreases from 11.5/jm to l.Zum. It is therefore critical when micromachining 

thin plate structure to estimate the magnitude of residual in-plane stresses that could result from 
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Figiire 3.8: Deflection of thin annular plate under varying P3 loading with Pi = P2 = 0 and 
No = 0. Plate dimensions and properties: rt = 400/im, Ta = 800/im, t = 7/im, Egi = 165GPo, 
and v = 0.22. 

wafer processing. The presence of any such stresses could substantially alter the performance 

from that predicted by theory. 

3.5    Matlab Non-Linear Tools 

The previous results have proven the capability of this numerical code to predict the non-linear 

deformation behavior of a thin plate structure with a rigid central cap. In the subsequent active 

valve design, modeling, and optimization chapters of the thesis, this large deflection numerical 

code is implemented in three distinct ways to allow for a variety of approaches to understanding 

the non-linear behavior of the valve cap and membrane. Each of these approaches is contained 

in a separate Matlab^*^ numerical code, and therefore act as a modeUng tool for future use. 

These approaches are illustrated in Figure 3.10. 

The first approach, detailed in Figure 3.10(a), calculates the valve cap deflection and as- 

sociated plate behavior, given the pressure across the valve membrane Pym and the efi'ective 

force acting on the valve cap P„c-  For tbe loading terminology in this chapter, the efi'ective 
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Figure 3.9: Deflection of a thin annular plate under loading Pi = P2 - 0, PHAC = lOOkPa, 
with varying Ng. Plate dimensions and properties: r^ = 400/im, r^ = 800/im, t = Turn 
Esi = 165GPa, and v = 0.22. 

force on the valve cap would be F„c = A^^Pz - Pi). The effective force could be the resultant 

of only pressures P3 and Pi (acting over the valve cap area) if the valve cap is unrestrained, 

or it could be the resultant of pressures P3, Pi, and a reaction force imposed on the valve cap 

by an external structure if the cap is closed against a valve stop. This Matlab^^ code, labeled 

NLValveCapMembrane-CaaeA.m and included for reference in Appendix B.l, will be used in 

Chapter 3 as a part of the complete non-linear active valve quasi-static model. 

The second approach, detailed in Figure 3.10(b), calculates the pressure across the valve 

membrane P„m such that the valve deflection attains a certain value Z„c, given a known value of 

Ft,c. This Matlab^^ code, labeled NLValveCapMembrane-CaseB.m and included for reference 

in Appendix B.2, will be important in Chapter 5 for determining the necessary PHAc{t) time 

history within the active valve in order to produce a desired Z„<.(<) trajectory when the external 

loading time histories Pi(<) and P2{t) are given. 

The thud approach, detailed in Figure 3.10(c), calculates the force on the valve cap F^c 

required to produce a particular valve cap deflection Z^c under a known loading P^rn- This 

Matlab^^ code, labeled NLValveCapMembrane-CaseC.m and included for reference in Ap- 

pendix B.3, will be used in Chapter 3 to determine the reaction force exerted by a valve stop 

structure on the valve cap when given all three pressure loadings Pi, P2, P3, and an imposed 

valve cap deflection (ie: hitting a stop). 

All three of these Matlab'^^ tools share the same non-linear theory and finite-difference 

implementation as presented in this chapter. They differ only in the organization of the system 

matrices and the procedure in which the various known and unknown quantities are handled. 

All are capable of outputting the entire plate spatial deflection vector, as well as the spatial 

slope and curvature vectors, and the plate top and bottom surface spatial stress vectors. The 
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Figure 3.10:   Matlab Tools for Use in Subsequent Chapters:   (a) NLValveCapMembrane- 
CaseA.m, (b) NLValveCapMembrane-CaseB.m, and (c) NLValveCapMembrane-CaseC.m. 

codes included in Appendix B are written as Matlab^^ functions. 

3.6    Conclusions 

This chapter has presented the theory governing the non-linear deflection of a thin annular 

plate with a rigid central cap and has detailed the development of a numerical code to capture 

this behavior. The results of the code have been compared to Unear theory and important 

phenomena such as in-plane pretension effects and plate/membrane boundary layer regions 

have been discussed. Since this theory is critical for the development of the active valve device 

proposed in this thesis, three distinct Matlab^**^ codes/tools have been written for use in the 

design, modehng, and valve optimization chapters that follow. 
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Chapter 4 

Active Valve Non-Linear Model and 

Simulation 

This chapter combines the lineax ajid non-linear modeling tools presented in Chapters 2 and 

3 to create a quasi-static structural model of the full piezoelectrically-driven active valve. In 

addition, the chapter introduces a dynamic simulation architecture for the valve, which includes 

the inertia and damping associated with the drive element piston and valve cap structural 

elements. Calculation of the coupled fluid-structure resonant valve frequency, based on finite- 

element models, is also presented. 

4.1    Quasi-Static Active Valve Model 

A quasi-static active valve model, incorporating only linear structural behavior, was presented in 

Chapter 2. By combining this model with the numerical code developed in Chapter 3 to model 

the large-deflection behavior of the valve membrane, a complete quasi-static non-linear active 

valve model can be formulated. This model consists of two primary solving steps, as shown 

in Figure 4.1. In the first step, a matrix A is generated which captures all linear relationships 

within the valve structure. In the second step, this matrix is used in combination with one of 

the previously described non-linear tools, NLValveCapMembrane-CaseA.m, to solve iteratively 

for the complete active valve behavior. 

Since the valve membrane is the only structural component of the active valve for which 

non-linear modeling is required, the linear compliance matrix A can be defined by: 

Y = [A]U. (4.1) 

where y is a vector of active valve variables to be calculated using linear theory, and U is 

a vector of input variables required to calculate Y. This matrix relation can be rewritten in 
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Given: Geometry, Material Properties 

Given: Loading Vp, Pi, P2 

Compute:     Linear Compliance Matrix [A] using 

 FuliActiveValve(Non-Linear).mws 

Guess: PHAC 

Iterate in PHAC until 
dVchw* < tolerance 

1   I 
Evaluate:      Coefficients of [A] 
Calculate:     Zp, Tp, Op, Zbot, Zn, Zpto, dVpb, dV«uid, 

Zlop, dVkip, Fvm, Fvc, Zde 

Use Tool:      NLVa^eCapMemb^ane-CaseA.m to 
calculate Zvc, dV™ 

Evaluate:      dVdwck 

If dVdieck > 0 
If dVctMck < 0 

Decrease PHAC 

Increase PHAC 

Solution for Non-Unear Quasi-Static 
Active Valve Model 

Figure 4.1: Calculation procedure for non-linear quasi-static active valve model. 

more detail as: 

z. >ll,l A,,2 ^,3 >ll,4 

T, ^2,1 ^2,2 A2,3 A2,4 

Qp >l3,l ^3,2 A3,3 A3,4 

Zbot A4.I .44,2 A4,3 ^,4 

Zu ^,1 A5.2 A,,3 ^5,4 

dVu ■46,1 ^6,2 ^6,3 Aa,4 Vp 

Zpi, A,,i Ar,2 A7,3 Ar,4 Pi 

dV^. ^8.1 Asa As.3 -48,4 P2 

dVfiuid >l9,l Ag,2 ■49,3 ^9,4 PHAC 

Ztop ■4l0,l Aio,2 ^10,3 ^10,4 

dVtop ^11,1 Au,2 ■4ll,3 ^11,4 

Fvm -412,1 Al2,2 A12.3 ■4l2,4 

F„c .4i3,l Al3,2 Ai3,3 ^13,4 

Zie ^14,1 ^14,2 ^14,3 ^14,4 

(4.2) 

For a given active valve geometry, the coefficients of the linear comphance matrix A are cal- 

culated (see Maple^^ code FullActiveValve(Non-Linear).mws in Appendix C.l). For a known 

set of loadings Vp, Pi, and P2, an initial guess for the equilibrium pressure PHAC is assumed, 
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and the variables contained in y are calculated. With this value of PHAC-, the non-linear tool 

NLValveCapMembrane-CaseA.m is called to calculate Z^c and d^m- A check is then made of 

the summation of swept volumes, 

dVcheck = dVvm + dVtop - dVte - dVpis - dVfiuid- (4-3) 

If dVcheck > 0, the initial guess for PHAC was too large. Conversely, if dVcheck < 0, the 

initial guess for PHAC was too small. Depending on the result, a modified value of PHAC is 

attempted. This iteration procedure is carried out until subsequent iteration values oi dVcheck 

are confined to within a specified tolerance. At this point, an equilibrium solution for the active 

valve under the specified loading conditions has been achieved. 

4.2    Accuracy of Quasi-Static Model 

The accuracy of this quasi-static active valve model can be verified by comparing its results 

under various loading conditions to those of a finite-element model. In making this comparison, 

the goodness of the assumptions used in this analytical model can be evaluated. 

4.2.1    Assumptions in Model 

The analytical active valve model uses hneax and non-linear plate theory to model the com- 

pliances of the structural components. Boundary conditions for each of the components were 

chosen in an efi'ort to accurately represent the geometries of a real device. However, it would 

be impossible to achieve 100% perfect correlation between the analytical model and a finite- 

element model, or a real device. Therefore, prior to comparing the analytical and finite-element 

models, the following thoughts concerning model correlation are put forth: 

1. Both the valve membrane structure and the drive element piston tethers have been mod- 

eled with rigid boundary conditions along their respective inner and outer circumferences. 

In reality, because these interfaces are not in fact rigid, one might expect a "local" soften- 

ing effect at these locations that would make these plate structures softer than predicted 

by theory. 

2. Bending and shearing effects have been accounted for in the linear analytical equations 

governing the drive element piston, the top plate structure, and the bottom plate struc- 

ture. Due to the fact that shearing coefficients axe not well understood for these types 

of plate geometries, some non-correlation between analytical and finite-element results is 

expected. Additionally, because these plate geometries and associated boundary condi- 

tions are somewhat complex (ie: the presence of the piezoelectric cylinder beneath the 

piston and above the bottom plate), some degree of non-correlation is expected. 
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It is hoped, however, that even with all of these uncertain issues associated with material 

properties and geometric boundary conditions, the correlation between the analytical and finite- 

element model will be within ~ 10% for a range of loading parameters that covers the design 

space for the proposed active valve. 

4.2.2    FEM Model Geometries and Correlation Procedure 

Two finite-element models of the active valve have been developed to estunate the accuracy 

of the analytical quasi-static active valve model. The first model, illustrated in Figure 4.2, 

uses 8-node axisymmetric plane elements for all of the component structures, including the 

fluid. Material properties for silicon and pyrex are assigned appropriately, as are the bulk 

modulus properties for the contained hydraulic fluid. As shown in Figures 4.2(b) and 4.2(c), 

the valve membrane and drive element tethers structures do not include fillet radius features. 

Since the analytical model does not include the eff'ect of fillet radii either, this allows for a level 

comparison. Estimates of maximum stress in these structures, however, will not be accurate. 

Figure 4.2: An ANSYS^^ finite-element model of the full active valve without fillet radius 
features on the valve membrane and drive element tether structures : (a) entire device, (b) 
close-up view of valve cap and membrane, and (c) close-up view of drive element tethers.' 

The second model, illustrated in Figure 4.3, also used 8-node axisymmetric plane elements 

and the same material definitions. However, this model does include adjustable size fillet 

radius features on the valve membrane and the drive element tether structures. Figures 4.3(b) 

and 4.3(c) show close-ups of these regions. This enables a determination of the degree of 

stifiening that the fillets add to the structures and also allows for accurate estimation of stress 

concentrations in the structures. Both finite-element models have gone through a convergence 
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Figure 4.3: ANSYS finite-element model of full active valve with fillet radius features included: 
(a) entire device, (b) close-up view of valve cap and membrane, and (c) close-up view of drive 
element tethers. 

study to ensure that the element mesh densities are fine enough to produce reUable results. 

4.2.3    Model Correlation Procedure 

The procedme for comparing the analytical quasi-static active valve model to the finite-element 

models is documented below. The procedure involves a systematic study of the correlation 

between these models for varying boundary condition and fillet radius assumptions. 

1. To determine the modeling accuracy of the piezoelectric material, valve membrane, drive 

element tethers, and hydraulic fluid in the analytical model, all other structural com- 

ponents (valve cap, drive piston, top plate, and bottom plate) in the model are made 

rigid (ie: S? = S? = ST,/ = H€ = E?,/ =55 — E^ =0). Behavior of 

the analytical valve is compared to the finite-element model (without fillets) with iden- 

tical conditions on the component stiffnesses. Figure 4.4(a) illustrates the FEM model. 

Infinitely stiflF regions are shaded dark. 

2. To determine the modeling accuracy of the drive piston, top structural plate, and bottom 

structural plate, the analytical model is run with all compliances in their normal state. 

Behavior of the analytical model is compared to the finite-element model (without fillets) 

with infinitely stiff regions as shown in Figure 4.4(b). This comparison will validate the 

accuracy of the full analytical model with all compliances included. 

3. To evaluate the effect of the fillet radius featmres and additional sidewall material on the 
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valve behavior, the finite-element model (with fillet radius = 25 pm) with no regions of 

infinite stiffness is run, as illustrated in Figure 4.4(c). The boundary condition in this 

model is at the outer radius of the entire structure rather than at the outer radius of 

the hydraulic amplification chamber. This is a more realistic model of a fabricated valve 

device. Comparison is ma4e to the full analytical model with all compliances in their 
normal state. 

y 
t*'t--. .f 

P^^SS WI"?V 
W^^ 

(c) 

Figure 4.4: ANSYS^^ finite-element comparison stages: (a) Top plate, bottom plate, piston, 
valve cap, and side structures are rigid, (b) Only valve cap and side structures are rigid, and 
(c) No structures rigid. 

To cover the design space for the active valve geometry under consideration, the following 
three loading scenarios are applied: 

1. Fp=1000 V, Pi=0, P2 = 0 

2. Fp=0, Pi=l MPa, P2 = IMPa 

3. Fp=500 V, Pi =0.5 MPa, Pj = 0. 

These loading scenarios are chosen to capture the valve behavior throughout a complete 

cycle of deflection. The first loading scenario produces a large positive valve cap deflection, the 

second loading scenario produces a large negative valve cap deflection, and the third scenario 

produces a small positive valve cap deflection. The comparison procedure detailed above is 

carried out for each of the loading scenarios to evaluate the accuracy of the analytical quasi- 
static active valve model. 

4.2.4    Valve Geometry 

The active valve geometry used in this comparison study is detailed in the following table. 

These dimensions are chosen to represent a typical active valve device. 

Geometric Dimensions: 
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Component Parameters 

Valve Cap R^c = 310pm Rvm = 800/im       i„m = 10pm t„c = 400pm 

Top/Bottom Plate ttop = 1000/xm tjot = lOOOpm 

HAC Chamber Rte = 3.225mm HHAC = 400pm 

Piston/Tethers Rpis = 3mm tpis = 800pm      ttetop - 10pm tteiot = 10pm 

Piezo Lp = 1mm Rp = 1mm 

Material Properties: 

Material Properties 

Silicon Esi = 165GPO vsi = 0.22 asi = 1.25 

Pyrex Epyrex = 48GPa l/ps„ex = 0.20 

Piezo d33 = 2000^ Epie,o - 9.01(?Pa 

Fluid Kfi^id = 2.0GPa 

The critical valve paiameters chosen to serve as comparisons between the two models are 

the valve cap deflection Z„c, the top plate structure deflection Ztop, the hydrauUc amplification 

chamber pressure PuACi the drive piston center deflection Zpis, the top tether deflection Zte, 

and the bottom plate structure center deflection Z^ot- These parameters are reviewed in Figure 

4.5. In addition, for the finite-element model with fillet radius features, the maximum membrane 

stress in the model is also monitored. 

Zbot 

Figure 4.5: Variables monitored in Einalytic and FEM models. 

4.2.5    Model Correlation 

Finite-Element Model (without fR), Rigid Compliances 

In comparing the analytical model to the finite-element model without fillet radius features for 

the case where the drive piston, the top structural compliance, the bottom structural compli- 

ance, and the valve cap are all designated to be rigid, the results correlate extremely well. Table 
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4.1 shown below compares these results for the three loading scenarios. For each of the three 

loading scenarios, the valve cap deflection correlates within 0.4%. All of the other parameters 

also correlate very well, within 1%. This correlation proves that the valve membrane non-linear 

relations, the drive element tether relations, the fluid compliance, and the piezoelectric material 

behavior are all modeled very accurately in the non-linear quasi-static analytical active valve 
model. 

TABLE 4.1: Model Correlation (without fR), Rigid Compliances 

Loading Model Variables to Monitor 

Zvc 

(/im) itim) 
Zu Ztop 

(/im) 

Zbot 

(/im) 

PHAC 

(kPa) {GPa) 
Scenario 1 

Vp = lOOOV 

Pi = 0, P2 = 0 

Analytic 26.269 1.136 1.136 0 0 781 1.45 
FEM 26.218 1.143 1.143 0 0 775 n/a 
%Dif 0.2% 0.6% 0.6% 0% 0% 0.8% n/a 

Scenario 2 

Pi = IMPa, Pi = IMPa 

Analytic -20.770 -0.597 -0.597 0 0 567 0.96 
FEM -20.858 -0.591 -0.591 0 0 562 n/a 
%Dif 0.4% 1.0% 1.0% 0% 0% 0.9% n/a 

Scenario 3 

Vf = 500K 

Pi = O.SMPa, Pj = 0 

Analytic 14.207 0.612 0.612 0 0 349 0.66 
FEM 14.175 0.614 0.614 0 0 347 n/a 
%Dif 0.2% 0.3% 0.3% 0% 0% 0.6% n/a 

Finite-Element Model (without fR), Normal Compliances 

In comparing the analytical model to the finite-element model without fillet radius features 

for the case where the drive piston, the top structiual compliance, and the bottom structural 

compliance are returned to their normal values, the results correlate fairly well. The valve cap 

deflection for the first loading scenario correlates within 3.7%, for the second loading scenario 

within 0.4%, and for the third loading scenario within 7.5%. This larger value of 7.5% is not 

that bad since the valve cap deflection is relatively small. As loading is applied that forces 

the valve cap near zero deflection, one would expect the % error to increase even though the 

absolute difference between the model deflections is much smaller than Ifxm. 

TABLE 4.2: Model Correlation (without fR), Normal Compliances 
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Loading Model Variables to Monitor 

Zvc 

(fim) 

Zic Zte 

(pm) 

Ztop 

(jim) 

Ziot PHAC 

ikPa) 
O'max 

{GPa) 

Scenario 1 

Vp = lOOOV 

Fi = 0, P2 = 0 

Analytic 21.787 1.213 0.792 0.087 -0.251 482 1.03 

FEM 22.629 1.267 0.837 0.094 -0.249 510 n/a 

%Dif 3.7% 4.3% 5.4 %J 7.5% 0.8% 5.5% n/a 

Scenario 2 

Pi = IMPa, P2 = IMPa 

Analytic -24.107 -0.560 -0.846 0.031 -0.179 371 1.25 

FEM -24.009 -0.532 0.834 0.039 -0.180 396 n/a 

%Dif 0.4% 5.0% 1.4 % 20.5 % 0.6% 6.3% n/a 

Scenario 3 

Vp = 5ooy 

Pi = 0.5MPa, P2 = 0 

Analytic 9.654 0.595 0.378 0.042 -0.129 249 0.45 

FEM 10.436 0.628 0.409 0.044 -0.126 259 n/a 

%Dif 7.5% 5.3% 7.6% 4.5% 2.3% 3.9% n/a 

In looking at the other monitored variables, one notices that they all correlate within 7.5%, 

except for Ztop in Loading Scenario 1. Again, though, this deflection is extremely small, and 

therefore such a significant error has negligible effect on the rest of the system performance. 

In fact, from Loading Scenario 1, the following swept volumes are obtained from the analytical 

model: dVpis = 4.QZe-^^m^, dVu = 2.38e-"m^ dVtop = l.lle-^^m^, dVfiuid = -3.32e-^^m^, 

and dVvm = 2.34e~^^m^. Prom these, it is calculated that the volume of fluid lost in the 

top structural plate compliance is approximately 4% of the swept volume of piston and tether 

together (the actuation swept volume). Overall, this 4% loss is important, but 20.5% of this 

4% is not. In conclusion, the analytical valve model predicts the valve cap deflection very well. 

Finite-Element Model (with fR), Normal Compliances 

In order to evaluate the accuracy of the analytical valve model with respect to a finite-element 

model that is more characteristic of the real device, no rigidities are assumed in the finite- 

element model and fillet radius features are taken into consideration. The finite-element results 

for Loading Scenario 1 are illustrated graphically in Figure 4.6. 

A major realistic effect that is considered in this model is the presence of the rigid boundary 

condition at the outer radius of the device rather than at Rte- This condition serves to soften 

the top and bottom plate compliances. From Table 4.3 below, it is clear that in all three loading 

scenarios, Ztop and Zt,ot show very large correlation errors near 50%. This is a result of this 

softening. It is interesting, however, that even with these large deviations in Ztop and Z^ot, 

the overall valve cap deflection correlation is excellent (less than 4% for all loading scenarios). 

The principal reason for this, again, that the absolute swept volumes associated with these 

deflections are not very large. 

TABLE 4.3: Model Correlation (with fR), Rigid Compliances 
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Figure 4.6: ANSYS'^^ FEM stress contour plots for Loading Scenario 1 on fillet radius model. 

Loading Model Variables to Monitor 

Zvc 

(/ijn) 

Zu 

(/im) 

Ztop Zbot PHAC 

(kPa) 
(Tmax 

(GPa) 
Scenario 1 

Vp = lOOOV 

Pi = 0, Pj = 0 

Analytic 21.787 1.213 0.792 0.087 -0.251 482 1.03 
FEM 22.002 1.225 0.809 0.157 -0.333 464 0.95 

u %Dif 1.0 % j 1.0% 2.1% 44.6 % 24.6 % j 13.7 % 7.8% 
Scenario 2 

Vf=OV 

Pi = IMPa, Pi = IMPa 

Analytic -24.107 -0.560 -0.846 0.031 -0.179 371 1.25 
FEM -24.269 -0.552 -0.826 0.071 -0.237 365 1.05 
%Dif 0.7 % 1 1.4% [2.4% 56.3% 24.5 % 1.6% 16.0 % 1 

Scenario 3 

Vf = 500V 

Pi = O.SMPa, Pj = 0 

Analytic 9.654 0.595 0.378 0.042 -0.129 249 0.45 
FEM 9.283 0.590 0.371 0.078 -0.176 246 0.41 

  %Dif 3.8 % 1 0.8% 1.9% 46.2 % 26.7 % 1.2% 8.9% 

Another reason, though, has to do with the behavior of the valve cap membrane. Thinking 

about the valve cap and membrane structure, because the valve cap is no longer rigid, the local 

behavior at the interface between the membrane and the cap may result in a softer structure. 

This appears to be the case since a 3.7% less PHAC pressure deflects the valve cap 1.0% more 
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in the realistic finite-element model than in the analytical model. A counter-effect which most 

likely helps to minimize this softening of the valve cap and membrane is the presence of the 

fillet radii. Each fillet radius provides significantly more material at this interface and hence 

stiffens the structure. 

To conclude this section on the analytical quasi-static active valve model, the comparisons 

between the analytical model and finite-element models have proven that the analytical model 

very accurately predicts the quasi-static active valve behavior of finite-element models with 

boundaxy conditions similar to those expected in fabricated devices. These quasi-static mod- 

eling techniques will now serve as the basis for dynamic models which will be able to capture 

higher-order dynamic effects within the active valve structure. 

4.3    Finite-Element Resonant Behavior 

To gain a rough idea of the firequency capabilities of this valve structure, a 2-D finite-element 

model without fillet radius features was evaluated using modal analyses in ANSYS-^^. By 

definition, modal analyses are only valid for purely Unear systems. Consequently, the resulting 

resonant frequencies are good predictions of active valve behavior only if the valve is operated 

such that valve cap and membrane deflections are within the small-deflection regime (ie: small 

applied voltage to the piezoelectric material). This model incorporates four-node plane elements 

for the silicon and glass structural parts of the valve and 4-node acoustic fluid elements for the 

liquid contained within the hydraulic amplification chamber. These acoustic elements enable 

fluid-structmre interaction between the fluid and the surrounding structure of the HAC chamber. 

For the active valve geometry used in this chapter, the modal analysis results indicate a first 

modal fi-equency at f\ ^ 26.GkHz and a second modal frequency at /2 = 102.7kHz, as shown 

in Figure 4.7. 

Since, during real valve operation, the valve cap and membrane structure are required 

to experience deflections well into the non-linear regime, this first modal frequency can be 

taken as a lower hmit to the actual resonant excitation. As a note to the reader, the active 

valve geometry considered in this chapter is sUghtly different from the valve devices built and 

tested in later parts of this thesis. The valve membrane is slightly thicker {t„m = IO/JTO) than 

in the experimental devices (f„m = G/im) and the HAC chamber is sHghtly reduced in size 

(Rte = 3.225mm) than in the experimental devices {Rte = 3.613mm), differences which serve 

to make the experimental devices softer than the geometry evaluated in this chapter. As a 

result, a sUghtly reduced modal frequency can be expected in the experimental valve device, as 

detailed in Chapter 9. The modal finite-element models used through this thesis, however, are 

identical to the one presented in this chapter. 
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1st Modal Frequency = 25.6 kHz 2nd Modal Frequency = 102.7 kHz 

Midi 

(a) (b) 

Figure 4.7: ANSYS^^ FEM mode shapes:  (a) 1st modal frequency = 25.601 kHz, (b) 2nd 
modal frequency = 102.67 kHz. 

4.4    Dynamic Active Valve Simulation 

To properly capture the non-linear effects of the valve membrane deformation at high frequency, 

and to include important dynamic effects, such as the drive element piston inertia and the valve 

cap inertia and damping, a Simulink^^ simulation architecture is presented in this section. 

The structural compliances within the active valve simulation are based exactly upon the linear 

and non-linear modeUng tools presented in Chapters 2 and 3 of this thesis. The simulation 

architecture can be broken down into four major subsystems, as illustrated in Figure 4.8: a 

matrbc of hnear coefficients describing the bulk of the active valve behavior, a series of non- 

linear look-up tables that captures the large-deflection valve membrane deformation and stress, 

a valve cap dynamics block, and a drive piston dynamics block. 

4.4.1    Linear Matrix Relations 

As discussed in Chapter 2, all of the structural elements except the valve membrane operate 

in linear deformation regimes. Within the simulation, therefore, a matrix of compUance and 

parameter coefiicients are included for these linear relations: 

Fte 

PHAC 

Zlop 

Charge 

-4i,i    J4I,2    i4i,3    i4i,4    Ai^s 

M,l      A2,2     -42,3      A2A     A 

3,3 ^3,1      .43,2 

^4,1      ^4,2      ^4,3 

^5,1      ^5,2      ^5,3 

^3,4     A: 

^4,4 

^5,4     Ai 

1,5   ■ Zte 

2,5 F„c 

3,5 dv;„ 
4,5 PHPR 

5,5 [    V,    J 

(4.4) 

Inputs to this matrix are the Zp and Z^c variables fed back from the piston and valve cap 

dynamic blocks respectively, dV„„ fed back from the non-linear valve membrane look-up table, 
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du/dt 
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LoolcUpTable_svm 

Figure 4.8: Complete Simulink'^^ active valve system architecture, showing linear equation 
matrix, non-linear look-up tables, valve cap dynamics block, and drive element piston dynamics 
block. Architecture shown is for the inlet valve of a typical MHT system. 

and the active valve loadings Vp and PHPR- Outputs of this matrix are Tp, Fte, PHAC-, and Ztop- 

These outputs axe fed to the other subsystems within the active valve model. These matrix 

coeflBcients are generated in an external Maple^^ code, similar to that described in Section 

4.1, and read into the Simulink^^ model. 

4.4.2    Non-Linear Look-Up Tables 

As detailed in Chapter 3, numerical modeling tools have been developed to calculate the non- 

linear large deflection behavior of the valve membrane. One possibility for capturing the non- 

linear behavior in the Simulink simulation would be to call the numerical code at each and every 

time step during a simulation run. However, the required computation for the simulation using 

this procedure is quite intensive. As a result, a method is implemented by which the numerical 

code is used to generate look-up tables for important non-Unear behavioral variables, as shown 

in Figure 4.9. Taking as inputs the valve cap displacement Z„c and the net pressure across 

the valve membrane P„m = PHAC — PHPR, a lookup table is employed for each of the output 
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variables F^c, <^um, and a^m- The size of the look-up tables is governed by the number of 

calculation points between the upper and lower limits of the inputs Z,ic and P„m. For example, 

the look-up tables used in the simulations in this section take as inputs a Z^c vector 100 elements 

in length, covering a range from Z„c = -50/im to Z„c = -l-50/im, and a P^m vector 100 elements 

in length, covering a range from P„m = -l.SMPa to P„„ = +1.5MPa. Convergence studies 

were performed to validate that these vector resolutions were fine enough for accurate results. 

The Matlab''^ file, NLValveCapMembrane-CaseC.m, detailed at the conclusion of Chapter 3 

and included in Appendix B.3, is used to create these look-up tables. 

Look-Up Tables: 

Table Fvc Given: Zvc, Pvm    Interpolate: Fvc 

Table dVvm ►■ Given: Zvc, Pvm    Interpolate: dVvm 

Table qmmi  *~ Given: Zvc, Pvm   Interpolate: omm 

Figure 4.9: Numerical modeling tools are used to generate look-up tables for the non-linear large 
deflection behavior of the valve cap and membrane. Given a prescribed valve cap displacement 
Z„c and pressure loading across the membrane P„m, a look-up table for each of P„c, dVym, and 
Ovm is created. 

4.4.3    Piston and Valve Cap Dynamics 

The dynamic behavior of the drive piston structure is governed by the following relation: 

^pisZpis + CpisZpi, — ApTp — ApisPaAC — Fte (4.5) 

The damping coefficient Cpu is a lumped parameter that is mejint to include the efl^ects of 

structural damping in the tethers and damping due to fluid interaction. Figmre 4.10 displays 

a schematic of the valve cap mass and the corresponding Simulink block architectiure included 

within the full active valve simulation. 

In a similM fashion, the dynamic behavior of the valve cap is represented by the following 
relation: 

M^cZ'vc + CvcZvc = A„C{PHAC -PI)- F«, (4.6) 

The damping coefficient C„c is a lumped parameter that includes the eflfects of structural 

damping in the membrane, squeeze film damping due to the valve cap motion when closing 

the valve, and damping due to fluid-structure interaction. Figure 4.11 displays a schematic of 
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the valve cap mass and the corresponding Simulink block architecture included within the full 

active valve simulation. 

PHAO 

F.   iUiiiiUiiiiiiiii 

(b) 

Figure 4.10:  Piston Dynamics:  (a) free-body diagram of piston structure, and (b) SimuUnk 
block architecture. 

1/ 

^ TTTTTT 

Zvc 

PHAC 

(a) 

m^ ->AvS> —► 
PHAC \^ 
SS)  -♦*«> _^ 

PI i^ 

Fvo 

(b) 

Figmre 4.11: Valve cap dynamics: (a) free-body diagram of valve cap structure, and (b) Simulink 
block architectiure. 

Exact values of C^pis and (7„c are difficult to estimate accurately. Values are therefore chosen 

that result in dynamic responses that are relatively free of high-order oscillations (see results in 

Figtu-e 5.24), yet still exhibit inertia and phase lag effects. Estimates for the damping ratios of 

the piston and valve cap ((,yis and ^„c) are calculated from these Cyis and C^c values by observing 

the resonant frequency w„ of each component in small deflection Uneax regimes, according to 

the relations C .■pis 2u„ and ^„c = %^ respectively. 

The Simuhnk block which captures this valve cap dynamic behavior also includes the effect 
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of the valve cap as it comes into contact with valve stops, either above and/or below the valve 

cap. This hitting behavior is modeled as an inelastic collision between the cap and the stop. 

The assumption here is that if the cap impacts the stop with a velocity Vi, it will bounce 

back with a lesser velocity V2, according to the relation V2 = y/rVi, where r < 1 is called 

the coefficient of restitution. The above formulation for the hitting can be implemented in 

SimuUnk by setting V2 as the initial condition for the valve velocity at the subsequent time 

step immediately following impact. For further details on active valve and full MHT system 

simulation results, see YagUoglu's MIT Master's thesis [8]. 

4.5    Conclusions 

This chapter has presented a complete quasi-static analytical active valve model and a full 

dynamic active valve simulation architecture for use in predicting structural behavior of a given 

active valve geometry to a variety of loading conditions. Both models integrate the linear 

and non-linear tools presented in Chapters 2 and 3, respectively. Overall, the quasi-static 

analytical active valve model correlates very well with representative finite-element models, 

thereby justifying many of the boundary condition assumptions in the analytical model. The 

dynamic simulation architecttire enables further investigation of higher-order dynamic effects 

in the drive element piston and valve cap structures. 
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Chapter 5 

Active Valve Design Procedure 

So far, this thesis has presented detailed linear and non-linear structural modehng tools that can 

be used to predict the performance of a given active valve geometry, in response to an applied 

voltage on the piezoelectric material elements and against known external pressmre loadings on 

the valve cap and membrane structure. Although it is quite important to be able to predict the 

performance of a predetermined active valve geometry, it is also critical to be able to design a 

structural geometry that can meet the specifications of and therefore be used within a complete 

MHT system. In order to accomphsh this, relations governing the fluid flow behavior through 

the MHT system and the interaction of the valve structure with this external hydrauUc system 

must be developed. The goals of this chapter, therefore, are (1) to present modeling tools 

that capture the interaction between the valve structure and the external hydrauUc system, 

(2) to develop a systematic design procedure that can be used to formulate of an active valve 

geometry which will satisfy the pressure-flow requirements set by an overall MHT system, and 

(3) to present higher-order design benefits of incorporating multiple valve cap and membrane 

structures within the active valve so as to minimize power consumption of the valve. 

Section 5.1 revisits a generic MHT system and discusses the performance requhements that 

this system demands fi-om its active valves. Section 5.2 presents the tools for modeling the 

pressiu:e-flow relationships in the hydraulic system external to the active valve and develops a 

related simulation tool for use in the the subsequent design procedure. Section 5.3 details the 

systematic procedure used to design a single valve cap and membrane active valve geometry. 

This procedure demonstrates the fundamental steps involved in the design of the active valve, 

but does not include design options for multiple valve heads. Section 5.4 highlights some 

important issues associated with free design variables within the procedure. Section 5.5 presents 

the theory behind valve power consumption and the benefit of incorporating multiple valve caps 

and membranes within the active valve structure. Section 5.6 presents results of the updated 

systematic design procedure, which allows for inclusion of multiple valve caps and membranes 

in the design process.   Finally, Section 5.7 validates the capability of the quasi-static design 
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procedure by comparing the performance of a generated active valve geometry to that of a full 
dynamic simulation. 

5.1    Valve Requirements in Generic MHT System 

A schematic of an MHT power harvesting device is shown in Figure 5.1. Out of phase operation 

of two active valves results in a pulsing flow of fluid from a high pressure reservoir [PHPR) to a 

low pressure reservoir {PLPR) through a central piezoelectric harvesting chamber [1]. With each 

cycle of device operation, the increasing and decreasing fluid pressure PEHC in the harvesting 

chamber (as the chamber fills and evacuates) results in a stressing of the piezoelectric material 

element (s) and a subsequent generation of charge. For a given harvesting chamber geometry, 

the system operational frequency fgy, and peak-peak pressure PEHC fluctuation in the chamber 

directly determine the achievable power generation levels. The required cyclic flow rates into 

and out of the chamber, Qi„ and Qouu are functions of this pressure fluctuation and the struc- 

tural chamber volumetric stiffness. Therefore, assuming that a harvesting chamber structural 

geometry is known, and that f,ys, PHPR, PLPR, and a desired PEHC pressure fluctuation are 

also required, then an inlet and outlet active valve can be designed to permit this overall MHT 
system performance. 

Piezoelectric Elements 

Figure 5.1: Schematic of an MHT power harvesting device. Two active valves regulate flow at 
high frequency from a high pressure PHPR to a low pressure PLPR- Cyclic pressure change in 
the harvesting chamber PEHC creates a stressing of the piezoelectric material and a subsequent 
generation of chso-ge. 

In the example MHT power harvesting system shown in Figure 5.1, the top surface of the 

inlet valve membrane is in contact with the high pressure reservoir and therefore experiences 

a constant PHPR. The valve cap, on the other hand, sees a changing pressure P^HC as the 

chamber fills and evacuates. Likewise, the top surface of the outlet valve membrane is in contact 

with the low pressure reservoir and therefore experiences a constant PLPR while the valve cap 
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sees a changing pressure P^HC ^ *^^ chamber fills and evacuates. The assumptions for the 

areas over which these system pressures act is further detailed in Section 5.2.3. The amounts 

by which PEHC *°^ ^EHC ^^^^ ^^"^ PEHC are functions of the fluid inertial effects in the 

inlet and outlet flow channels (see Section 5.2.2). With the ability to model these pressure-flow 

relations through the MHT system, a design procedure can be developed and implemented to 

design the active valve geometries for the system. 

The systematic active valve design procedure that is developed in this chapter is based 

on quasi-static valve structural behavior. In other words, dynamic effects within the active 

valve such as those associated with the valve cap mass, the drive element piston mass, and any 

damping effects are not included. In this way, the basic process of the design procedure can be 

well understood and estimates for valve geometries to satisfy the MHT system requirements can 

be generated. Once an active valve geometry is designed in this way, full dynamic simulations 

of the structure can be run in order to evaluate the goodness of the quasi-static valve design and 

to enable tweaking of the valve geometries to achieve higher performance. Although this quasi- 

static design procedure is generic to both the MHT actuator and power harvesting applications, 

for purposes of clarity, the discussions in this thesis will center on the design of active valves to 

be used in the previously described MHT power harvesting system. Furthermore, without any 

loss of generality, the focus of this chapter will be solely on the design of the inlet active valve 

for the harvesting system. 

To regulate flow into the MHT harvesting chamber so as to meet the overall system require- 

ments, the inlet valve membrane and cap structure must be sized properly to ensure adequate 

stroke of the valve cap and to allow sufficient fluid flow through the orifice to fill the chamber 

in the alloted time. In addition, under these external pressure loadings, stresses within the 

valve cap and membrane structure must be kept below the fracture strength of the membrane 

material. The piezoelectric drive portion of the valve must be designed so as to minimize the 

overall volume of the device, yet still provide adequate actuation for pressurizing and produc- 

ing volume change to the hydraulic amplification chamber. Further design issues, such as valve 

power consumption and the incorporation of multiple valve heads within a single active valve 

structure, will be covered in detail in this chapter. 

5.2    Modeling of External Hydraulic System 

Before presenting the quasi-static active valve design procedure, the modeling of the fluid-flow 

relations in the MHT system external to the active valve structure must be discussed. The 

inlet active valve within the example MHT power harvesting device regulates flow fi:om the 

high pressure reservoir to the harvesting chamber. As fluid passes over the valve membrane 

and cap, it exerts pressures on these structures. These pressures and flow rates are a function 
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of the opening and closing action of the valve cap against its stop, the geometry of the fluid 

channel that carries fluid from the valve to the chamber, and the efiective hydraulic stifi'ness 

of the harvesting chamber being filled. This section details the techniques used to model the 

pressure-flow relations for each of these system features. In the following discussions, it is 

assumed that that inlet and outlet valves operate each with a 50% duty cycle, ie: the inlet 

valve is open exactly for the first half of the MHT system period T,ys = jf-^ while the outlet 

valve is open for exactly the second half of the system period. 

5.2.1    MHT Chamber Stiffness 

During the first half of a complete device cycle, the inlet valve is open and the outlet valve is 

closed. As fluid passes through the valve into the harvesting chamber, the chamber pressure 

increases. The relationship between the amount of fluid entering the chamber and the pressure 

rise within the chamber is determined by the effective hydraulic chamber stiffness, KEHC- 

Figure 5.2(a) shows a simplified schematic of this filling process. 

Wet Flow Channel 

■f 
MHT Chamber + MHT Chamber Outlet Row Channel 

Qm- 

oyi 
<NB, l^s« 

<      vlj,' 

.1 .    \ 
f^j mk   <"'"= 
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^ 

Intet Active 
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(a) (b) 
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Figure 5.2: Filling and evacuation models for an MHT system: (a) During inlet valve opening 
and closing, fluid fills the harvesting chamber, (b) During outlet valve opening and closing, fluid 
evacuates the harvesting chamber. The associated chamber pressure time history PBUc{t) dur- 
ing filling and evacuation is a function of the amount of fluid entering/evacuating the chamber 
and the chamber volumetric stiffness KEHC- 

KEHC is a function of the chamber geometry, material properties, and fluid initial volume. 

A large KEHC means that a small amount of fluid (IVEHC = / Qin{t)dt flowing into the chamber 

will result in a large increase in chamber pressure PEHC, whereas a small KEHC means that 

even a large amount of fluid flow into the chamber will result in only a small chamber pressure 

increase. The chamber pressure increase as a function of time can be written as 

dt ■ KEHcQin(t). (5.1) 

A similar model can be used to evaluate the evacuation of fluid through the outlet valve, 

resulting in a chamber pressure decrease as fluid flows to a low pressure PLPR (see Figiu-e 
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5.2(b)). For the purposes of this thesis, however, only the inlet valve and corresponding filling 

of the harvesting chamber are considered. 

5.2:2    Valve Channel Inertial Effects 

Fluid inertial eflFects within the flow channel connecting the valve to the harvesting chamber 

can play a significant role in determining the difference between PEHC{^) ^^^ PEHc{t) during 

device operation. This pressure-flow relation can be written as 

Pkncit)-PEHc{t) <f) Qv (5.2) 

where p is the fluid density, Lc is the channel length, and Ac is the channel area. For a long 

channel with small cross-section area, one can expect fluid inertial effects to play a significant 

role as the pressure PEHC builds up to accelerate the fluid slug into the chamber. Conversely, 

for short channels with large areas, the inertial effects are negligible and the pressure PsHci^) 

and PsHcit) will not differ at all. It is important to be awaxe of these inertial effects when 

designing and modeling any sort of hydraulic system that contains small channels. 

5.2.3    Valve Orifice Flow Relations 

Work by previous researchers [3] [4] [5] has shown that for small openings, poppet valves (such 

as the valve cap in this proposed active valve device) behave as long orifices in which the effects 

of flow separation and subsequent reattachment dominate the valve flow dynamics. 

PEHC 

□r )^> PHPR 

. PHPR     . 
"2 "      AQ Ai 

(a) (b) 

Figvire 5.3: Valve orifice representation: (a) valve cap geometry and fluid flow areas, (b) repre- 
sentation of flow through valve as a flow contraction followed by a flow expajision. 

Qualitatively, the valve flow can be approximated by a simplified order-of-magnitude valve 

model. The valve orifice may be characterized as a flow contraction followed by a flow expansion 

as shown in Figure 5.3(a) and (b). An integral analysis gives a relationship for the combined 

effect of the flow expansion and contraction. The loss coefiicient Corifice is defined as the total 
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pressure drop AP = PHPR - PEHC over the dynamic pressure based on the orifice local mean 
velocity ({2 = ^) 

-'■"=i^=[K'-^)'^('-0 (5.3) 

where the upstream flow area can be approximated as A2 = 2TrR^cHup,treiim, the throat area 

can be approximated by AQ = 2TrRycZ,troke, and the downstream flow area can be approximated 

as i4i = TTR^^. H^pstream is the height of the radial flow channel above the valve membrane to 

the cap and ZatToke is the valve cap opening distance from the valve stop structure. 

This approximation, however, is independent of the Reynolds number and therefore holds 

only for Re> 10,000, where fully turbulent flow regimes exist. In microfluidic systems, such 

as the MHT power harvesting device, Reynolds numbers are expected to fluctuate between 

approximately 10 and 20,000 as the valve opens and closes [2]. For this reason, correction 

factors (obtained from experimental results) need to be employed to obtain better estimates 

of the loss coefficients for these low turbulence and laminar flow regimes [2]. A loss coefficient 

for each of the contraction and expansion geometries (CcontracUon and ^expansion, respectively) 

is used to approximate the total loss coefficient through the valve, as detailed in the following 
relation 

Wi/tce ~ Qontraction(Rc, "r") + Ceipon«ton(-Re, -r—) (5.4) 
^2 Ai 

where the Reynolds number is defined as 

Figure 5.4(a) plots Ccontraction as a function of Re and the contraction area ratio ^ and 

Figure 5.4(b) plots (expansion as a function of Re and the expansion area ratio 4^. As a result, 

the pressure-flow relation for the full valve orifice geometry can be written as 

AP = PHPR - Phnc = ^PCw/ice (^) • (5.6) 

All subsequent fluid models discussed in this thesis incorporate these higher-order correction 

factors to obtain an accurate estimation of the flow behavior. These flow models are based 

on steady flow phenomenon and do not capture frequency dependent losses. The following 

assumptions are made to define the valve cap and membrane areas over which the upstream 

pressure PHPR and the downstream pressure P^f^^ act.   Since the valve cap stroke during 
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Figure 5.4: Look-Up Tables for flow loss contraction and expansion coefiicients.  For further 
details, see [2]. 
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operation is significantly less than H^pstream, Rvm, and R^c, the majority of pressure drop 

through the valve structures occurs across the contraction and expansion at the valve cap 

circumference. As a result, at any given instant of time, the pressure acting over the valve 

membrane au-ea can be approximated as the reservoir pressure PHPR and the pressure acting 

over the valve cap area can be approximated as PEHC- ^^^ ^ specific v£ilue of valve cap opening 

at a given time during the cycle, a relationship therefore exists for the instantaneous fluid flow 

through the valve as a function of the pressure drop across the valve. 

5.2.4    Chamber Filling Simulation Tool 

The previously described pressure-flow relations for the harvesting chamber stifi'ness, valve 

orifice, and flow channel connecting the valve and chamber can be recast in Simulink^^ to 

create a simulation tool for fluid filling of the harvesting chamber. For known dimensions of the 

valve cap, the surrounding structure forming the upstream and downstream flow areas, the valve 

channel dimensions, the harvesting chamber dimensions and material properties, PHPR, and 

the desired minimum pressure in the harvesting chamber PEHC,min (the pressure inmiediately 

when the outlet valve has closed), and for an assumed valve cap opening profile Z^copening, 

the filling behavior of the system through the inlet valve orifice can be simulated. Figure 5.5 

illustrates the high-level Simulink''^ model, and Figure 5.6 shows the fluid orifice and valve 

channel block diagram structure. 

A major assumption underlying this simulation is that the accompanying outlet valve of the 

MHT system has been designed properly to ensure that the harvesting chamber pressure PEHC 

has decreased to a value of PEHC,min at the instant the outlet valve fully closes. Furthermore, 

the variable Zvc,opening is the distance between the valve stop and the surface of the valve cap. 

For example, if the valve being modeled is forced to experience a sinusoidal absolute deflection 

history fi-om Z„c = -20/im (fully open) to Z„c = 4-20/im (fully closed), the corresponding 

Zvcopening values are Zticopening = +40/xTn (fully open) to Z^copening = Onm (fully closed). 

This fllling simulation will be an important part of the systematic active valve design pro- 

cedure detailed in the following sections. It will allow for the determination of a valve cap size 

and imposed valve opening so as to achieve the required PEHC pressure excursion during MHT 

system filling. 
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Figure 5.5: Simulink^^ high-level simulation overview for filling of the MHT system through 
the inlet active valve. 
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Figure 5.6: Simulink^^ valve orifice and channel sub-system block for fiUing of the MHT system 
through the inlet active valve. 
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5.3    Systematic Design Procedure 

This section introduces a systematic design procedure that can be implemented to calculate 

dimensions of the valve cap, valve membrane, hydraulic amplification chamber, and drive ele- 

ment portion of the inlet active valve to satisfy requirements set forth by the external hydraulic 

system. This design procedure is based upon quasi-static valve piston and valve cap behavior 

(ie: Z„c = Z„c = Zpi, = Zpi, = 0). Depending upon the frequency of operation, this assumption 

may or may not be a vaUd one, since system dynamic effects could come into play. It is therefore 

the purpose of this quasi-static design procedure to generate a valve design, from which a full 

dynamic simulation can be run to evaluate the goodness of the design and be used as a tool for 

fine-tuning the valve geometry. 

5.3.1    Overview 

Figure 5.7 presents a generalized flowchart for this quasi-static design process. Given external 

system requkements, such as the chamber stiffness KEHC, the PEHC pressure fluctuation from 

a PEHCmin to a PBHC,max during filling, the reservoir pressure PHPR, and the overall desired 

system frequency fay,, the following steps are carried out: 

1. The valve cap radius R^c (for a chosen valve stroke Zstroke) is calculated to allow for 

adequate filling of the harvesting chamber. 

2. The valve membrane outer radius Rvm and required PnAcit) time history (for a given 

membrane thickness «„,„) are calculated to allow for motion of the cap along its desired 

trajectory against the known external loads while at the same time ensuring membrane 

stresses below critical levels. 

3. The drive element piston area Api, and piezo area Ap are calculated to provide a stiffness 

match between the drive piston structure and the load that it encounters and to ensure 

adequate actuation capabilities. 

External Hydraulic 
System Requirements 

^Assumptions: 
-Sinusoidal valve cap 
motion 

Stepi: 
Given Z,„^, detemiina 
R„ ter adequate filling of 
harvesting chamber 

Step 3: 
Given AVp, determine fi^ and 
Ap to satisfy stiffness match 
and actuation requirements. 

Step 2: 
Calculate UFU, and 
PHAc(t)tosaUstyZ„(t) 
and a^ requirements. 

Figure 5.7: Flowchart illustrating the design procedure for the inlet active valve. 
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The full active valve design procedure, which will be discussed in Section 5.6, includes the 

ability to consider single valve cap and membrane designs as well as multiple valve cap and 

membrane designs (from now on N^h is designated as the number of valve heads in the design), 

varying valve cap strokes Zyc,stroke, and varying valve membrane thicknesses i„rn- There are 

important and interesting design issues associated with each of these design freedoms. Sections 

5.4.1, 5.4.2, and 5.5 detail these issues. However, in this section, in order to present clearly the 

physical intuition behind the main steps in the design procedmre, the following assumptions are 

made. First, this section focuses on generation of a single valve cap and membrane valve design. 

Second, in Step 1 when calculating the valve cap radius for adequate filUng of the harvesting 

chamber, a value for Zvc,stroke is assumed. Third, in Step 2, the valve membrane radius Rvm 

and required PnAcit) are calculated for an assumed valve membrane thickness t„m- 

5.3.2 System Requirements 

To faciUtate the understanding of the basic steps in the design procedure detailed in the follow- 

ing subsections, numerical system requirements characteristic of a typical MHT are presented 

here. For PHPR = 1.2MPa, the inlet valve opens in a sinusoidal manner to fill a harvest- 

ing chamber with KEHC = l-5e^^0^. The system frequency is chosen to be fsys = lOkHz 

and it is desired that during this filling process, PEHC should rise from a minimum pressure 

P^i^ z= Q.2MPa to a maximum pressure Pmax = 1-OMPa. It is assumed that the outlet valve 

is designed properly to allow evacuation from Pmax — 1-OMPa to Pmin = 0.2MPa during the 

time that the inlet valve is closed. In addition, for this example system, the channel dimen- 

sions Lc and Ac are chosen to ensure that fluid inertial effects in the channel are negligible (ie: 

PEHC = PEHC ^^ ^^i times). 

5.3.3 Step 1: Design of Valve Cap 

In the first step of the design procedure, the valve cap radius Rvc is calculated so as to allow 

for exact filhng of the harvesting chamber. With the imposed valve cap motion Z^dt) and the 

external hydrauhc system modehng tools described in Section 5.2, Rvc is determined such that 

the pressure rise in the harvesting chamber increases from its initial minimum of Pmin to the 

desired maximum pressure Pmax at the time the valve completely closes again. In this example 

procedure, the valve cap stroke is taken to be Zstroke — 40/im. Equations 5.1, 5.2, 5.3, 5.6 are 

solved in the previously described Simulink simulation for this purpose. Insufiicient filling will 

result if R^c is not large enough. Conversely, if R^c is too large, the chamber will be filled in 

excess. Figure 5.8 illustrates adequate and inadequate filUng scenarios. 

For the example MHT system, a value of R^c = 241/im is determined, through iteration, 

that results in a harvesting chamber pressure rise from PEHC = 0.2MPa to PEHC = 1-OMPa 
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(a) R =0.ieOmm 

(6) R -0.241mm 

(c) R »0.300mm 

Figure 5.8: Chamber filling plots corresponding to Zstroke = 40/im and difiering values of R^c- 
(a) if jR„c = 180/im, the chamber can not fill adequately, (b) if ii„c = 241/im, the chamber fills 
the desired amount, and (c) if R^c = 300/xm, the chamber fills in excess of the desired amount. 

during the time that the inlet valve is open. Figm-e 5.8(b) displays the imposed valve cap 

deflection, the corresponding flow rate (?<„ through the valve, and the resulting PsHcit) time 

history for this case. The valve is completely closed when Z^copening = O/nm and is fully 

open when Z^copening = +40//m. Note that the chamber fills properly since the pressure at 

the instant of valve closing is 1.0 MPa. Since a complete PEHCH) time history is needed for 

further steps in the design procedure, it is assumed that an outlet valve for the system has been 

sufficiently designed to evacuate the fluid during the second half of the device cycle. Figure 

5.8(a) shows the corresponding results for the case where the valve cap radius is too small, 

Rvc = 180/im. Here, the chamber pressure is only able to rise to PEHC = 0.9MPa at the 

instant the inlet valve closes. Figure 5.8(c) shows the corresponding results for the case where 

the valve cap radius is too large, R^c = 300/im. Here, the chamber pressure rises in excess of 
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the desired value to PEHC = IMMPa at the instant the inlet valve closes. 

5.3.4    Step 2: Design of Valve Membrane 

In the second step of the design procedure, for a given valve membrane thickness t^m, the 

outer membrane radius J?„m and required PnAcit) time history are calculated such that the 

valve cap properly follows its imposed trajectory Z„c(*) and experiences a maximimi tensile 

membrane stress during this motion of cjvm = o-iimit- The code calculates the entire stress 

field along the membrane, however it records only the maximum tensile value for each time 

instant during the cycle and calls it a„m- A limiting value for aiimit = LOG Pa is taken from 

[6] [5]. Since a small value of *„m is desired to minimize actuation requirements, an initial 

value of tvm = 7^"i is employed. For the given value of t^m, a guess for Rvm is taken. Under 

the constant PHPR loading on the valve membrane and the time-varying loading PEHci^) ^"^ 

the valve cap calculated in Step 1, the requked pRAcii) time history is calculated to force 

the valve membrane and cap to follow its imposed trajectory Z„c(f). During this time cycle, 

CT„m is monitored. This procedure becomes an iterative process in R^m until a value of Ram is 

determined such that at some time during the complete cycle, a peak tensile stress of aumit is 

reached. As will be discussed in Section 5.4.2, it might be the case that it is impossible to arrive 

at a membrane design for this particular value of t^m due to high stresses in the membrane, 

at which point it will be necessary to increase the membrane thickness. However, this issue is 

held off until Section 5.4.2. 

WPHACO <f»'^Jf) 

Figure 5.9: Valve membrane behavior corresponding to Zstroke = 4:0iJ,m, Rvc = 241^m, 
tvm = 7/jm, and R^m = 757/im: (a) required hydrauUc ampUfication chamber PnAcit)-, (b) 
corresponding valve cap and membrane swept volume dVvmit)^ and (c) peak stress in valve 
membrane crvmit)- 

For the example MHT system, a value of Rvm = 757/im is determined for tvm = Turn. 

The required PHAc{i) time history, swept volume time history under the membrane and cap 

dVvm{i)-, and the associated membrane stress time history ayrn{t) are shown in Figures 5.9(a), 

(b), and (c) respectively. In Figure 5.9(c), notice that the maximum stress in the membrane 

during the cycle occurs when the cap is deflected to its minimum value of Z„c = —20/im. The 
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membrane again experiences a stress of LOG Pa when the cap is at its maximum deflection 

of Z„c = +20fiTn. This reconfirms the design choice to force the membrane mto symmetric 

upward and downward motion so as to maximize total valve cap stroke when restricted to 
limited membrane stress levels. 

5.3.5    Step 3: Design of Piezoelectric Drive Element 

In the third step of the design procedure, the piezoelectric material area and drive element 

piston area are determined so as to create a quasi-static stiffness match with the loading seen 

by this structure. The goal in doing this is to maximize the energy transfer from the piezoelectric 

material to the load. As shown in Figure 5.10, the valve cap/membrane and external hydraulic 

system appear to the drive structure as a stiffness if„„ in series with a fluid stiffness KHAC 

of the hydraulic amplification chamber. A linearization of the actuation curve associated with 

the motion of the valve cap (described by the time histories PHAc{t) and dVym{t) calculated 

in Step 2 of the design procedure and plotted against one another in Figure 5.10(a)) provides 

an approximation for this Ky,n stiffness. Combining Kym and KHAC together produces an 

overall load Kioad seen by the piezoelectric element. This model neglects the stiffness of the 

drive piston tethers. Studies have shown that the stiffnesses of these tethers in relation to the 

Kvm and KHAC are small for typical active valve designs. The requirement of a stiffness match 

between Kpiezo and Kioad therefore results in the following equality, 

Kpie.o=Ki„ad -> E£^=  dk_^ . (5 7) 

Substituting this requirement into the following piezoelectric material actuator equation, 

one obtains a relationship between Zp and Vp, 

Z. = .33K.-g=.33V.-(^)z. -. Zp=\,.,Vp. (5.8) 

In addition to this impedance match requirement on Zp, Zp must also satisfy the volume 

conservation relation within the active valve structure, 

Z   = ^"^^^ = ^^"m + AF/luid ^  /_1 
•^pis A.fi, (i)K^(^«^) p = T- = -, ^^ = Mr-     AF„„ +   "^ -"""    AP, ^WylC (5.9) 

Eliminating Zp in Equations 5.8 and 5.9 results in the following equality, 

i...r..(J-)[A..„.(d^)..„ '^^HAC (5.10) 
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Therefore, equations 5.7 and 5.10 form a set of two equations with three unknowns Apis, 

Ap, and V^. Equation 5.7 sets the relationship between Apis and Ap for a stiffness match 

between piezo and load to be achieved while equation 5.10 defines the condition under which 

valve performance is met, relating the input piezo voltage Vp to the Apis. In observing these 

equations, it is clear that the smaller the voltage Vp, the larger the values of Apia and Ap need 

to be. Since one of the goals in the design of this active valve is make its total volume as small 

as possible, this implies that the valve should work at as large a voltage as possible. In real 

devices, a limitation of electrical breakdown across the air gap between drive element piston 

and the bottom structural plate exists, and therefore a maximum allowable Vp for the given 

piezo length Lp is set. As a result, in the design of this valve, voltage now becomes an imposed 

quantity. The set of two equations can be solved for the two remaining geometric free design 

variables Apis and Ap to create a quasi-static stiffness match condition between the piezo and 

load and to ensure adequate valve performance to satisfy the actuation requurements passed 

down from the membrane and cap design steps. 
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.''' AVifrtd    "', 
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K,= 
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Figure 5.10: Simplification of the active valve device in a quasi-static stiffness match analogy: 
(a) determination of linearized K^rn stiffness load, (b) important actuation volume change 
and pressure variables, (c) valve membrane volumetric stiffness in series with fluid hydraulic 
stiffness acting through piston area against piezo displacement stiffness, and (d) lumped linear 
load spring acting against piezo material. 
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For the example MHT system, the piezoelectric material thickness is assumed to be Lp = 

1mm and the applied peak-peak voltage is assumed to be V^ = lOOOF. Under these assump- 

tions, a drive piston area and piezo area are calculated to correspond to Rpt, = 3.59mm and 

Rp = 0.88mm. Figures 5.11(a), (b), and (c) show the required piezoelectric voltage time his- 

tory Vp to force the valve cap to follow the desired trajectory Z„c(t), the drive element PHAC 

vs. dVde actuation curve, and the resulting piezoelectric material stress time history Tp, re- 

spectively. In comparing Figure 5.11(b) to Figure 5.10(a), notice the increased volume change 

between dVde and dVvm- This difference is exactly equal to the fluid compressibiUty volume 

change dViiAC under the pressure loading PnAcit). At this point, a design for the active valve 
hjis been achieved. 

WV.W (b)P^v».(iv^ (c)T(t) 

0.5 
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dV   (x10"m') 
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Figure 5.11: Drive element behavior corresponding to Rpi, = 3.59mm and Rp = 0.88mm: (a) 
required piezoelectric voltage Vp{t), (b) corresponding drive element actuation curve, and (c) 
stress on piezoelectric material Tp{t). 
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5.4    Design Freedoms Within Procedure 

The basic design procedure for the active valve discussed in Section 5.3 was simplified in three 

ways in order to ease the explanation of the main steps. First, the valve design was carried 

out for a valve geometry with only a single valve cap and membrane above the hydraulic 

ampUfication chamber (Nyh = !)• Second, the design assumed a predetermined stroke Zyc,stroke 

of the valve cap. Third, the design assumed that a value of f„m could be chosen that would 

result in the successful calculation of the valve membrane outer radius Rym to guarantee stresses 

below a Umiting value. In reality, when designing the active valve structure, one would Uke to 

relax all three of these design restrictions so that the design process creates an optimal valve 

geometry. It might therefore be the case that the optimal active valve design uses five valve 

caps and membranes in parallel above the hydrauUc amplification chamber rather than a smgle 

valve cap and membrane, or that the stroke(s) of the valve cap(s) should be 20fim rather than 

AOfim, or that 8/Ltm is the minimal valve membrane thickness that can be used to create a strong 

enough valve membrane structure. This section will discuss two of these three design fireedoms, 

Zvc,stroke and t„m- The third design freedom, NVH, will be discussed in Section 5.5. All three 

design fireedoms will then be included in the final systematic design procedure presented in 

Section 5.6. 

5.4.1    Design Freedom: Z^cstroke 

In the example active valve design procedure presented in Section 5.3, the required valve cap 

size Rvc was calculated that would allow for adequate filling of the harvesting chamber, given 

that the valve cap was allowed to move through a stroke of Zyc,stroke — 40fim. It would have also 

been possible to determine a value for Rvc iiZ^c,stroke = 20/im. To maintain fluid flow resistance 

through the valve structure, it makes sense that as the valve cap stroke is decreased, the radius 

of the valve cap itself must be increased. Figure 5.12 displays the calculated valve cap radius 

R^c for a series of difi'erent valve cap strokes Zvc,stroke for the example MHT system described 

in the previous section. For an imposed Z^cstroke = 40/im, the design code simulation requires 

a value of R^c = 241/f7n to ensure proper fiUing of the harvesting chamber. Alternatively, for 

an imposed Zvc,stroke = 20/xm, the design code simulation requires a value of R^c = 688/im to 

ensure proper filling of the harvesting chamber. Therefore, different combinations of Z^cstroke 

and R^c can effectively fill the chamber, but as the full design procedure in Section 5.6 will 

illustrate, one combination may be better than others in designing the remaining structtnes of 

the valve. 
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Figure 5.12: Design of valve cap, for PHPR = l.2MPa, f,y, = lOkHz, PEHC,min = 0.2MPa, 
PEHC,max = l-OMPa, and varying Z„c,,tToke- 

5.4.2    Design Freedom: <„„ 

For a given size valve cap (value of R^c), the next step in the design procedure is to design a 

membrane structure which can carry this valve cap through the imposed opening time history 

against the external pressure loadings, PHPR and PeHcit). During filling of the chamber, 

as was discussed in previous sections, PHPR is constant with time over the valve membrane, 

however, PBHC varies from a minimum to a maximum. The valve membrane radius Rym and 

thickness i„m must be determined to achieve the desired behavior. 

Two example studies will be included in this section to illustrate some important issues 

concerning the design of the valve membrane structure. The first study will look at the design 

of the valve membranes for each of the valve cap sizes arrived at in Section 5.4.1, assuming 

that PHPR = PEHC = 1.2MPa for all time during the opening and closing of the valve cap 

and membrane. This situation, where the pressures above the cap and membrane structure 

are constant with time, would never occur in reality. However, the purpose of this study is to 

illustrate an important point associated with the structural design of the membrane. The second 

study will then focus on the real case, where PHPR = l.2MPa during opening and closing, but 

PEHC does vary as calculated in the design code simulation. The overall conclusion from these 

comparative studies will be that this changing PEHC pressure with time in certain circumstances 

does not allow for a valve design of a particular membrane thickness to be calculated that can 

satisfy the membrane stress Umitations. In such cases, it will be necessary to iterate to larger 

membrane thicknesses to achieve a reasonable design. 
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Example Study: PHPR = 1.2MPa and PsHcit) = l-2MPa 

In this example study, for each of the valve cap designs presented in Figure 5.12, the design 

code calculates the valve membrane radius so that for the imposed valve cap displacements and 

under the constant external loading PHPR = PEHC = l-2MPa, the membrane experiences a 

peak stress of cr„m = IGPa during its opening/closing cycle. The valve membrane thickness 

is assumed to be tvm - 7/im for these calculations. This is really a lower limit for membrane 

thickness based on fabrication restrictions. 

Valve Membrane Radius and Thickness 
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Figure 5.13: Design of valve membrane for the case where the external pressure loading on 
the valve cap and membrane are held constant during the time that the cap opens and closes, 
PHPR = PBHC = 1.2MPa constant with time. 

Figure 5.13 displays the calculated Rum values for each of the imposed Z^cstroke and previ- 

ously calculated R^c values. For an unposed Z^c = 40//m and therefore for the previously calcu- 

lated Rue = 2Alfj.m, the design code procedure calculates a membrane radius of Rvm = 688/im 

to ensure stresses below the limit. For an imposed Z^c = 20/.tm and therefore for the pre- 

viously calculated Rvc - 688/iTO, the design code procedure calculates a membrane radius of 

R^m = 924/.tm to ensure stresses below the limit. In all cases for the imposed valve cap stroke 

between 20fj,m and 40/im, the membrane is able to designed with t^m = 7/im. 

To illustrate how the code determines R^m, take the point design for an imposed Zyc,stroke = 

20/im. The valve cap radius has been previously calculated to be R^c = 688/im. The code begins 

by guessing a value of Rvm, and then determines the required PHAC pressme underneath the 

cap and membrane at each instant of time to satisfy the required cap displacement against the 

external pressure loadings. The membrane stress is recorded for all time instants during the 

complete opening/closing cycle of the valve cap. The code then iterates in Rym until a value is 

determined that results in the desired peak stress occurring during the valve cap opening/closing 

cycle. 
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Figure 5.14: For Z^c,,troke = 20/im, R^^ = eSS/zm, PHPR = PEHC = 1.2MPa constant with 
time, and t^^ = 7/im, the membrane peak stress CT«m,peaJt during valve cap motion decreases as 
Rvm is decreased. An R^m to meet the desired (Jvm,peak = IGPa can be determined. 

Figure 5.14 plots the peak membrane stress during a complete valve membrane cycle for 

guesses of R^^. Notice that the value of R^m for which ay,n,max = 1.0 is 924/im. For a small 

value of Rym = 900/im, the membrane stress reaches a peak stress of a^^ = IMGPa during 

the cycle, whereas for a large value of R^rn = 1200/im, the membrane stress reaches a peak 

stress of only a^m = 0.22GPa during the cycle. For a value of R^m = 1010/im (chosen for 

demonstration purposes), a peak stress of c^^ = 0.52GPa during the cycle is determined. For 

all of these membrane designs, the peak stress occurs at the time during the cycle when the valve 

membrane is at peak positive displacement. Figure 5.15 illustrates the spatial displacement and 

stress distributions of the membrane for these three membrane designs. Notice in Figure 5.15(a), 

for Rum = 1200/irn, that the stress is low because of the minimal curvature in the membrane 

at the inner and outer boundaries. Also, there is only a slight shift in the mean stress on the 

top and bottom membrane surfaces (ie: the membrane is experiencing non-linear stretching of 

the neutral axis, but only sUghtly). In Figure 5.15(c), for R^^ = OOO^m, the stress is high 

because of the significant curvature in the membrane at the inner and outer boundaries. In 

this case, there is a significant shift in the mean stress (~ 0.25GPa) on the top and bottom 

membrane surfaces as the membrane experiences quite a bit of non-linear stretching. And in 

Figure 5.15(b), for R^m = lOlO/im, the membrane behavior is between the previous two cases. 

The important conclusion firom this example study with a constant PEHC above the valve 

cap during the design of the valve membrane structure is that for the variety of valve cap strokes 

imposed, a valve membrane with thickness t„„ is able to be determined to satisfy the stress 

limitations. As will be shown in the following example study, as PEHC is allowed to vary, as it 

would in a real system, diflFerent membrane thicknesses will have to be considered. 
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(a) Membrane Deflection: B^=^ .200mm ^  ' vm 
(b) Membrane Stress: R=1.200mm 
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Figure 5.15: Example valve membrane deflection and stress plots for Z„c,stroke — 20/im, Rue = 
688/Ltm, PHPR = PEHC — 1.2MPa constant with time, and *„„ = 7/im: (a) Rvm — 1200/im, 
(b) Rum = 1010/.tm, and Rvm — 900/zm. 
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Example Study: PHPR = l.2MPa and PEHc{t) =varying 

In this example study, for each of the valve cap designs presented in Figure 5.12, the design 

code calculates the valve membrane radius so that for the imposed valve cap displacements and 

under the external loading PHPR = l.2MPa and PEHC = 0.2MPa -* l.OMPa, the membrane 

experiences a peak stress oicvm = IGPa during its opening/closing cycle. The valve membrane 

thickness is desired to be <„„ = 7/im for these calculations, however, if a membrane design at 

a certain thickness can not be found, then the thickness is increased. Figvire 5.16 displays the 

calculated R^,m values for each of the imposed Z^c,stroke and previously calculated Rye values. 

Valve Membrane Radius and Thickness 

O   U=8t^ 
A  t   =9iim 

0.7 
20 22 24 26 28 30 32 34 

.(tim) 
36 38 40 

Figure 5.16: Design of the valve membrane for the case where PHPR = 1.2MPa and the 
external pressure loading on the valve cap PEHC is allowed to vary with time, as it would in a 
real hydraulic system. 

In comparison to the previous example study where a valve membrane with t^m = 7^m 

could be designed for each of the valve cap strokes, in this example study, as Zyc,,troke is 

reduced from 40/ifn to 20^m, t„m must be increased from 7fim so as to determine R^m Values 

that satisfy the stress requirements. This is a result of the changing PEHC pressure over the 

valve cap as the cap moves through its cycle. For an imposed Zyc,,troke = 40/im and therefore 

for the previously calculated R^c = 241/im, the design code procedure is able to determine a 

membrane radius of R^m = 751/xTn for <„„ = T/im to ensure stresses below the Umit. For an 

imposed ^„c,sfrofce = 20/im and therefore for the previously calculated R^c = 688/iTn, however, 

the design code procediure is not able to determine a satisfactory R^^ for either «„„ = 7nm or 

tvm = 8/im. Rather, it must increase the membrane thickness to f„m = 9/im in order to find a 

satisfactory membrane radius of R^m = lOlO/xm that ensures stresses below the limit. 

Figure 5.17 plots the peak membrane stress during a complete valve membrane cycle for 

the case of imposed ^„c,sfrofce = 20/im for guesses of R^m at the three thicknesses t„m = 7/im, 

tvm = Sum, and <„„ = 9/im.   For *„„ = 7/tm, no value of Rym can be chosen to bring 
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the stress below the critical limit of aumit = IGPa. At this thickness, small values of Rvm 

and large values of Rvm both result in large stresses due to high membrane curvature at the 

membrane boundaries. In the case of small Rvm, the high curvature is a result of the membrane 

being so short in width, whereas for the case of large Rvm, the high curvature is a result of 

bowing of the membrjine under the large negative pressure differential across the membrane 

(see later discussion). For *„„ = 8^m, again no value of Rvm can be determined, although the 

minimum of the curve is approaching uumit- Finally, for *„„ = 9/im, a valve membrane radius 

is achievable. In fact, there are two potential solutions, one at Rvm — 1130/im and the other 

at Rvm = lOlS/xm. During the design procedure, the code picks the smaller of the two values, 

so as to minimize the valve size. 

Figure 5.17: For Zvc,stroke = 20/im, R„c = 688Atm, PHPR = 1.2MPa, PEHC varying with 
time, and for different *„„, the membrane peaJc stress crvm,peak during valve cap motion reaches 
a minimum at a particular Rvm- A satisfactory Rvm for tvm = ^/xm and for *„„ = 8/iTO 
can not be found, however an Rvm for tvm = 9A«"I can be determined to meet the desired 

Ovm^eak = IGPa. 

Figure 5.15 illustrates the spatial displacement and stress distributions of the membrane 

for three values of membrane radius Rvm = 1200/im, Rvm - 1010/zm, and Rvm = 900/i77i, 

all for tvm = 9^"i. Notice in Figure 5.18(a), for Rvm = 1200;zm, that the stress is large 

because of the significant curvature in the membrane at the inner boundary due to the negative 

bowing of the membrane. This bowing develops because at the instant when the valve cap is 

at its maximum deflection upward, the pressure acting on the top surface of the valve cap is 

at its minimum PEHC - 0.2MPa. Therefore, the required PHAC within the valve hydraulic 
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amplification chamber at this time instant is low, resulting in a significant negative pressure 

across the valve membrane. In Figure 5.18(c), for R^^ = 900A<m, the stress is high because of 

the significant curvature in the membrane at the inner and outer boundaries, due to the minimal 

width of the membrane. And in Figure 5.18(b), for J?„„ = 1010/im, the peak membrane stress 

is <^vm,peak = l.OGPo and occurs at the inner membrane boundary. 

This study has shown that in designing to valve membranes to work under varying pressure 

time histories, depending on the magnitude of the external pressures and their behavior with 

time, it is sometimes impossible to determine a valve membrane radius for a given membrane 

thickness to achieve stresses below the critical limits. As a result of this, the final systematic 

active valve design procedure presented in Section 5.6 is capable of recognizing these restrictions 

and iterating on the membrane thickness until a satisfactory membrane design is achieved. 
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(a) Membrane Deflection: R _=1.200mm 
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Figure 5.18: Example valve membrane deflection and stress plots for Z^cstroke = 20//Tn, Rue = 
688//m, PHPR = 1.2MPa, PEHC varying with time, and *„„ = 9A«"^: (a) Rvm = 1200/im, (b) 
iJ„„ = 1010/im, and R„rn = 900/.tm. 
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5.5    Power Consumption in Active Valve 

During each cycle of operation of the active valve, electrical energy flows into and out of the 

piezoelectric material. The amount of energy required is dependent on the strain of the material 

and the load that it actuates against. To create a simple method for evaluating these energies 

in a given active valve geometry, the drive element portion of the valve will be focused on. In 

the final step of the design procedure, the piezoelectric material diameter and drive element 

piston diameter were calculated to create a stiffness match condition with the loading that the 

drive element experienced (see details in Section 5.3.5). Figure 5.11(b) illustrated the drive 

element actuation curve for the example design in Section 5.3.2. This type of curve will be the 

basis for evaluating cyclic energy flow in the valve. 

5.5.1    Overview of Energy/Power Consumption 

Figure 5.19 displays representative drive element actuation plots for a typical active valve design. 

In Figure 5.19(a), as the piezoelectric material expands and creates a positive drive element 

volume change dVde, the pressure within the hydraulic amplification chamber PHAC increases, 

due to the stiffness of the valve membrane and the external pressm-e loading time histories 

PHPR and PEHc{t)- The piezoelectric material therefore does work Wi on its environment. In 

Figure 5.19(b), the piezoelectric material deflection is decreasing, and the corresponding work 

done by the environment on the piezoelectric material (the drive element) is W2. Throughout 

a full cycle of the valve, a total hysteretic valve energy loss of W^ys = Wi-W2 results. This is 

due to the fact that during drive element motion upward, the average PHAC pressure that the 

piston moves against is larger than that which exists to help move the piston downward in the 

second portion of the valve cycle. This hysteretic energy loss per valve cycle is being put into 
the external hydrauUc system. 

(a) EnafBy Flow Throuflh PIMO (1 SI half O( cycle) 

'W.m r^ 

(b) Energy Flow TtHOUflh Plezo (2nd halt of cycle) (c) Hysteretic Eneroy Loss (Ful Cyde) 

<K.^ <H^.n 

<^de 

Figure 5.19: Schematic representation of energy flows and losses in active valve, based on 
drive element actuation behavior: (a) work done by piezo material on load during first half of 
valve cycle, (b) work done by load on piezo material during second half of valve cycle, and (c) 
hysteretic energy loss during a full valve cycle. 
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This hysteretic energy loss can be written in integral form as 

Whys = Wi + W2=  f PHAcd{dVde) + f PHAcd{dVde). (5.11) 

Note here that W2 is a negative quantity since work is done by the environment on the 

drive element. If the piezoelectric material and attached circuitry were 100% efficient, then 

no other energy loss mechanisms would exist within the valve system. In reality, though, the 

piezoelectric material and the attached circuitry are not perfectly efficient. Assuming a lumped 

parameter 'yioss as the fraction of energy flowing through the piezoelectric material during a full 

valve cycle that is lost due to material and circuitry inefficiencies, the total amount of cychc 

energy lost in these mechanisms is therefore 

Wioe,='yioss{Wi + \W2\). (5.12) 

In order to calculate the power consumption of the valve design, the frequency of operation 

of the valve fsys is incorporated into the previous relations. The total valve power consumption 

is thus the product of the valve frequency of operation and the total energy lost by the valve 

during a single cycle of operation, 

■consumption = fsys [Whys + Wloss] . (5.13) 

These power consumption quantities Phys, Pioss^ and Pamsumption will be monitored in car- 

rying out the full valve systematic design code in order to evaluate the benefits of a particular 

valve design over another one. 

5.5.2    Benefit of Multiple Valve Heads 

The incorporation of multiple smaller-sized valve heads (which are designed to achieve the 

same external system flow performance as a single larger valve head) has the potential to 

reduce hysteretic energy loss of the active valve device. This phenomenon will be presented 

from the point of view of the valve cap and membrane acting against the external pressure 

loadings, since this is the actual structural interface between the active valve and the rest of the 

MHT system. The hysteretic energy loss of the active valve per cycle is the same whether it is 

looked at from the point of view of the drive element or the point of view of the valve cap and 

membrane. This is true because no energy loss mechanisms exist within the valve between the 

drive piston and the valve cap and membrane. Certainly, structural compliances do exist, but 

these are energy storage elements, not loss mechanisms. Therefore, it is possible to calculate 
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the hysteretic energy loss by focusing on just the motion of the valve cap and membrane against 

the external pressure loadings encountered. Furthermore, since the valve membrane experiences 

a constant pressure PHPR during the complete actuation cycle, no cyclic work is being done 

through the valve membrane interface. Therefore, the estimation of valve hysteretic energy 

loss can be made simply by looking at the valve cap itself, its motion against the time-varying 

external pressure loading PEHc{t) during a full actuation cycle. 

This method of estimating valve hysteretic energy consumption will be used to explain the 

fundamental benefit of incorporating multiple valve heads within the active valve device rather 

than just a single valve head. For a given valve cap radius R„c, imposed motion Z„c(i), and 

known external loading PsHcit) on the valve cap, the hysteretic energy consumption of the 

valve during a full actuation cycle can be written as 

Why, = j PEHc{t)d{dV,c) = J PEHc(tMR,,)^dZ,a. (5.14) 

where dVyc{t) is the swept volume of the valve cap. For simplicity in the following arguments, 

this relation can be simplified to the following proportionality. 

Why. <X ^PEHcARvcfZ^ctroke (5.15) 

where ^P^uc is the difference between the average encountered pressure as the valve moves 

upward and the average encountered external pressure as the valve moves downward. Also for 

the given values of R^c and Zvc,,troke, the peak area through which fluid can flow during an 
actuation cycle is 

Ajlow ~ ^'fRvcZvcatroke- (5.16) 

Therefore, for a given valve cap size, imposed stroke, and known external pressure loading 

time history on the valve cap, the hysteretic energy loss per cycle and the peak fluid flow area 
can be related by 

Whys 

Afiow 
oc Rvc- (5.17) 

This relation basically states that the ratio of the valve cap structural area (which is pro- 

portional to Whys) to the valve cap circumference (which is proportional to fluid flow area) 

can be decreased by reducing the size of the valve cap radius R^,c- To reduce hysteretic energy 

consumption in the active valve, therefore, the goal should be to reduce this ^^^ as much as 
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possible, while keeping Afio^; constant. This can be achieved by making individual valve caps 

smaller and placing many in parallel with multiple valve orifices connecting the high pressure 

reservoir to the harvesting chamber. Updating Equations 5.15 and 5.16 above to include the 

freedom to choose a particular number of valve heads N^h within the design leads to 

W)iy,,jv„k ociV„ftAP£a-c5rEj^_;,f^^Z„c,»troJ;e,JV„h (5.18) 

and 

■Aflow,N„h — ■^vh^T^Rvc,N„h^vc,slroke,N^h- (5.19) 

If the goal is to design a valve with N^h. > 1 that has the same total flow area as a valve with 

a single valve head, the following proportionality must be maintained (calculated by equating 

Equations 5.16 and 5.19), 

 !—Hi (x ! , (5.20) 

Inserting this proportionality into Equation 5.18 results in a relation for the hysteretic 

energy consumption as a function of the number of valve heads employed and the imposed 

valve cap stroke for the case of multiple valve heads versus the case of just a single valve head, 

yyhySjN^h 1 '^vc,atTOke /c 01 "i 

Whys ^vh Zvc,stroke,N„H 

Therefore, the potential exists to reduce significantly the hysteretic energy consumption 

in the active valve by incorporating multiple valve heads above the hydraulic amplification 

chamber rather than a single valve head. For example, by letting N^h = 10 and requiring that 

each of the ten valve heads move through one-half the stroke of a single valve head design, the 

hysteretic energy consumption of the 10-valve design will be 20% of that of the single valve 

design. The updated systematic design code detailed in the following section, includes this 

abiUty to compare and contrast valve designs with Varying N„h and different imposed valve cap 

strokes Zvc,stroke- An additional benefit of incorporating multiple valve hesids (that each move a 

smaller stroke than a single large valve head) is that it becomes easier to structurally design the 

valve membranes (in that small valve membrane thicknesses are achievable) to support these 

valve caps within the required stress limitations. This will be illustrated in Section 5.6. 
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5.6    Results of Systematic Design Procedure 

This section presents results of the full systematic active valve design procedure for the example 

valve requirements defined in Section 5.3.2. As detailed in previous sections, this quasi-static 

procedure will now incorporate the three design freedoms that were not included in the basic 

design procedure detailed in Section 5.3, namely the ability to design a valve structure for 

multiple valve heads {7V„h > 1), with varying valve cap strokes, and for differing valve membrane 

thicknesses. Specifically, the results presented in this section focus on a variety of chosen 

number of valve heads (iV„/, = 1,2,3,5), imposed valve cap strokes between Z^c,3troke = 8/im 

and Zvcatroke = 40|Um, and available valve membrane thicknesses from tym = 7fim and upward 

in increments of linn. The results clearly demonstrate the potential benefits of multiple valve 

head geometries for reducing totjJ valve power consumption. 

Figure 5.20 plots the calculated valve cap radius, valve membrane thickness and radius, and 

drive element piston diameter for the variety of N^h and Z„c,strofce values under question. Note 

that in Figure 5.20(b), for N^h > 2, valve membranes with *„„ = 7^m are achievable for all the 

imposed Zycstroke values. As more valve heads are allowed in parallel, each valve membrane gets 

smaller in size, resulting in reduced "bowing" of the membrane under the pressure loadings. 

This is the identical phenomenon to that discussed in Section 5.4.2. Also, notice in Figure 

5.20(c) that as more valve heads are employed in the design, smaller drive piston dimensions 

are achieved, due to the fact that less swept volume is required by the valve membranes during 
actuation. 

Figure 5.21 plots the calculated effective piezoelectric material diameter and the maximum 

compressive stress on the piezoelectric material during a full valve actuation cycle. Notice in 

Figure 5.21(a) that the required piezoelectric material diameter is generally increasing with 

increasing iV„/,. This is due to the fact that the PnAcit) actuation requirements are increased 

because of the increased stiffness of the valve membranes. It is important also to monitor the 

compressive stress seen by the piezoelectric material to ensure that it is below the compressive 

depolarization limits. 

Figure 5.22 plots the estimated hysteretic power consumption, material and circuitry power 

loss, and total valve power consumption. As seen in Figure 5.22(a), the hysteretic power 

consumption can be significantly reduced by incorporating multiple valve heads working with 

moderate valve strokes. In addition, as shown in Figtue 5.22(b) material and circuitry losses can 

also be reduced, since total energy flowing through the piezoelectric material is lessened. Finally, 

Figure 5.22(c) plots the combined power consumption for the various active valve designs. As 

indicated in this plot, the valve design that results in the minimum power consumption uses 

ten valve heads N^^ = 5, each traveling through a stroke of Z^c^sUoke = 22/iTn. These results 

demonstrate the capabilities of this systematic active valve design procedure in evaluating single 
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and multiple valve head designs under loading conditions put forth by a typical MHT system. 

<a) Valve Cap Radius 

vo,stroke 

(b) Valve Membrane Radius and Thickness 

vc.stroke 

(c) Drive Piston Diameter 

vcstroke 

Figure 5.20: Multiple valve head comparison Plot 1 
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(a) Piezoelectric Material Diameter 

'vc.slroke 

Figure 5.21: Multiple valve head comparison Plot 2 
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5.7    Correlation With Dynamic Simulation 

The systematic design procedure presented in this chapter has been based on quasi-static struc- 

tural behavior. In reality, dynamic effects within the active valve may result in performance 

of the valve that differs from quasi-static behavior. This section will take one of the active 

valve geometries formulated using the systematic design procedure in Section 5.6 and perform 

a full-scale dynamic simulation of this structure. The results will indicate that, indeed, the de- 

sign formulated through the quasi-static procedure performs very close to expectations, thereby 

vahdating the use of the quasi-static procedure as a powerful tool for designing an active valve 

structure within a full hydraulic system. 

The valve structure that was chosen for simulation is that corresponding to N^^ = 1 and 

Zatroke = 40/im. Revisiting Figures 5.20, 5.21, and 5.22 in Section 5.6, the valve geometry is as 

follows: R^c = 241/xm, f„„ = 7/im, R^^ = 757/um, Rpu = 3.59mm, and Rp = 0.88mm. The 

peak-peak voltage applied to the piezoelectric material is lOOOV at a frequency of / = IQkHz. 

Referring to Figures 5.8(b), 5.9, and 5.11, this active valve geometry is able to quasi-statically 

achieve the performance requirements set by the external hydraulic system, namely a pressure 

fluctuation in the harvesting chamber (with KEHC = l-5e^^0) from 0.2MPa to l.OMPa, given 

reservoir pressures of PHPR = 1.2MPa and PLPR = 0. 

In order to evaluate this active valve geometry in a full dynamic simulation, a complete 

simulation architecture is implemented that includes the active valve simulation (presented in 

Chapter 4) and the external hydraulic system relations detailed in Section 5.2. Figure 5.23 

shows this full simulation architecture. The additional external hydraulic system architecture 

(including the effects of the fluid orifice pressure-flow relations, the valve channel inertia, and the 

chamber stiffness) is coupled to this active valve system to simulate full filling and evacuation. 

In order to create full system pumping behavior, a chamber with both an inlet and outlet 

active valve is included in the simulation. In addition, critical valve variables, such as a^m(t), 

Zvc{t), and PHAc{t) axe monitored. In this simulation, a positive valve stop at a location of 

Zvc = 20/im is implemented. The results of this simulation for two different values of valve cap 

damping are shown in Figure 5.24. For further details on fuU MHT system simulations, refer 
to [8]. 
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Figure 5.23: Complete Simulink MHT hydraulic system architecture, showing inlet and outlet 
active valves, fluid-orifice pressure-flow relations, valve channel inertia, and harvesting chamber 
stiffness. 
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Figure 5.24: Full system simulations: (a) solid line represents case in which Cpis = 0.7, Cvc = 0.6, 
(b) dashed Une represents case in which Cpis = 0.7, Cvc = 0.3. Note that in these cases, the 
valve cap does not hit the stop. In these plots, Vp is the applied piezoelectric voltage, Zyc{t) is 
the position of the valve cap, PHAc{t) is the hydraulic ampUfication chamber pressure, a„m(t) 
is the maximum valve membrane stress, Qin(t) is the flow rate through the valve, and PEHc{t) 
is the external chamber pressure. 
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Due to dynamic effects in the active valve system, an applied peak-peak voltage of only 650V 

(compared to the quasi-static value of lOOOV) is required to actuate the valve and to produce 

the proper filling behavior of the harvesting chamber. Notice that the valve cap Zj,cit), HAC 

pressure PHAc{t), inlet flow rate Qinit), and resulting harvesting chamber pressure PsHcit) 

time histories all correlate very closely to those predicted by the systematic quasi-static design 

procedure. One interesting note is that the valve membrane stress a^m time history differs 

slightly from the quasi-static prediction in the region when the valve cap is just beginning 

to open. Rather than immediately decreasing, as is predicted in the quasi-static procedure, 

a^m actually begins to increase to a peak value of l.lSGPa (for C«c = 0.6) and to a peak 

value of l.OSGPa (for C«c = 0.3) just after opening. This phenomenon is due to the dynamic 

effects on the valve membrane. Essentially, the PHAC pressure below the membrane decreases 

substantially before the valve cap is able to move downward (due to the cap's inertia and 

the effect of damping), resulting in an enhanced membrane curvature at R^c and therefore an 

increase in a^m- 

These important observations on the membrane stress can be fed back to the quasi-static 

design procedure. Using a smaller value of Hmiting stress aumit, a slightly modified valve 

geometry can be generated so that dynamic membrane stresses do not exceed the desired bound. 

Overall, the dynamic performEmce of the active valve geometry formulated using the systematic 

quasi-static design procedure detailed in this chapter matches fairly well to desired requirements. 

This design procedure, therefore, can be very useful in developing valve geometries for use in 

full hydraulic systems. 

5.8    Conclusions 

This chapter has introduced the physical equations governing the fiuid flow behavior within a 

generic MHT system, external to the valve cap and membrane structure of the active valve. 

With these relations, a comprehensive and systematic quasi-static design procedure has been 

presented that enables a designer to formulate an active valve geometry for use within an MHT 

system to satisfy certain pressure-flow requirements. This procedure formulates designs and 

evaluates valve power consumption for geometries with one or more valve heads acting in parallel 

above the hydraulic amplification chamber and for differing valve cap strokes. Additionally, 

valve membrane structures are designed to guarantee peak stress levels below a critical value 

during complete valve time histories. Active valve geometries produced by this design procedure 

have been analyzed using full dynamic system simulations, and results indicate that dynamic 

effects do not significantly siffect the ability to meet the performance requirements. Overall, 

this design procedure enables the generation of active valve geometries for a potentially wide 

variety of hydraulic systems. 
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Chapter 6 

Device Fabrication and Preparation 

for Testing 

6.1    Introduction 

The proposed piezoelectrically-driven hydraulic-amplification microvalve is fabricated using a 

combination of microscale (silicon patterning and etching) and macroscale (piezoelectric mate- 

rial integration) procedures. As detailed in previous chapters of this thesis, the valve consists 

of multiple layers of silicon and glass (Pyrex 7740) with integrated piezoelectric elements, aU 

bonded together to form the important structural features of the device. These features are the 

tethered-piston piezoelectric drive element, the enclosed hydraulic amplification chamber, the 

valve membrane and orifice structure, and the fluid channels to and from the valve. A cross- 

section of a full MHT system, with embedded multi-layered active valve structure, is shown in 

Figure 6.1. Successful fabrication and assembly of a complete MHT system involves overcoming 

the identical challenges associated with realizing a working active valve device, since the valve 

structure and full MHT system span the same layers. As a result, the fabrication and assembly 

processes presented in this chapter are not unique to the active valve, but rather provide a 

platform of procedures that can be implemented to create a wide variety of micro-hydraulic 

systems. For the purposes of this thesis, however, only the geometry of the active valve is 

referred to in the fabrication and assembly discussions. 

Layers 1, 3, 6, and 9 of the active valve structure (shown in Figure 6.1) are each borosilicate 

glass (Pyrex 7740), the features of which are formed through wafer-level ultrasonic machining. 

Layers 2 and 8 are formed from standard silicon wafers and are etched using deep-reactive ion 

etching procedures. Layers 4, 5, and 7 are created from silicon-on-insulator (SOI) wafers. The 

drive element tethers supporting the piston structure in Layers 4 and 5 and the valve membrane 

and cap structure in Layer 7 are produced using deep-reactive etching, with the buried oxide 
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Active Valve Pump Chamber Active Valve 

Figure 6.1: Cross-section schematic of a nine-layer multiple wafer MHT system with two em- 
bedded active valve structures. Realization of this active valve requires robust bonding of 
silicon-to-silicon and silicon-to-glass at the wafer-level and integration and bonding of piezo- 
electric material elements with silicon at the die-level, as will be discussed later in this chapter. 

acting as an etch stop for precise control of tether and membrane thicknesses. Three primary 

bonding mechanisms are used to realize a complete valve device: silicon-siUcon fusion bonding, 

silicon-glass anodic bonding, and siUcon-piezoelectric material eutectic bonding. 

This chapter first details the critical challenges associated with the fabrication and assembly 

of this multi-layer active valve device, namely (1) etching of the high-aspect ratio features in 

silicon-on-insulator wafers to form the tethered drive element piston and valve membrane struc- 

tures, (2) wafer-level siUcon-silicon fusion bonding and wafer-level siUcon-glass anodic bonding, 

(3) preparation, integration, and bonding of the bulk piezoelectric material elements within 

the drive element structure, (4) die-level assembly of multiple silicon and glass layers, and (5) 

fluid filling and sealing of the hydraulic amplification chamber. Having laid out the details of 

these fabrication issues and the procedures used to overcome these obstacles, the chapter then 

presents a systematic fabrication and testing plan of important active valve sub-components, as 

a means to prove out the fabrication challenges. Details of each of the sub-component studies 

leading up to the full active valve are then documented in subsequent chapters of this thesis. 

6.2    Fabrication Challenges and Procedures 

This section attempts to follow the fabrication and assembly process in order of the steps 

and challenges involved. The first two challenges focus on the activities relating to wafer-level 

processing: etching of the drive element tether and valve membrane structures and siUcon- 

silicon and silicon-glass wafer bonding procedures.  The second two challenges are concerned 
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with die-level processing: preparation and integration of the piezoelectric elements within the 

device and the process flow associated with the die-level silicon-glass anodic bonding. The final 

challenge focuses on filling and sealing of fluid in the device once the active valve device has 

been successfully fabricated and assembled at the die-level. 

6.2.1    Etching of Tethered Drive Element and Valve Membranes 

The drive element tethers and valve membranes within the active valve device are designed 

to be quite thin (on the order of 7 — 10/im). To achieve precise dimensional control of these 

features, SOI wafers containing a buried oxide layer a preset distance firom one side of the 

wafer are used. In performing deep etches into the silicon wafer down to the buried oxide layer, 

it is critical that the surface roughness of the etch and the tailoring of fillet radii profiles at 

the ba^e of the etched profiles be well-controlled so as to maintain strength and robustness 

of the thin-membrane structures. Figure 6.2 illustrates etch profiles at the SOI interface of a 

typical drive element piston that can result, depending on the process chosen and care given 

to performing the etch. Ideally, one would like to create a fillet radius between the thin tether 

cind the much thicker (~400 fxm) central piston structure to minimize stress concentrations, as 

shown in Figure 6.2(c). It is essential to avoid etch profiles such as the sharp corner shown in 

Figure 6.2(b) and the "footing" or "notching" profile shown in Figure 6.2(d). These serve to 

magnify stresses at these interface regions, thereby compromising the overall strength of the 

structiure. 

fr 
etched annular trench 

.1 
dnve element piston 

(a) 

,Si 

-SiOj 

-Si 

Sh£ irp edc jes fl let rad il "notche s" 

_, . ;-,:^^ ■"^^!i!)V'"' 

(b) (c) (d) 

Figure 6.2: Etching of a typical drive element piston structure: (a) cross-section view of drive 
piston, (b) sharp corner etch features, (c) fillet radius features, and (d) "notching" or "footing" 
features. 

Considerable research work has been done in developing and optimizing deep etching pro- 

cesses for single-crystal siUcon materials [1] [2]. The Deep-Reactive Ion Etching (DRIE) process 
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used to create the structures and devices in this thesis is known as the Bosch Process [1]. This 

method involves repetitive cycles of plasma etching and passivation to create high aspect ratio 

deep trenches in siUcon. Using photoresist as a masking agent, a timed plasma etch using SF^ 

is carried out. Following this timed etch, a passivating film using dFs is deposited over aU 

exposed surfaces of the wafer, including the etched trench bottom and sidewalls. During the 

next timed plasma etch, this passivating fihn is preferentially removed from the bottom of the 

trenches through ion bombardment, while the film on the sidewalls remains intact. This cyclic 

process is repeated until the buried-oxide etch stop layer is reached. At this juncture, carefuUy 

monitoring of the etch process is performed to ensure that fiUet radii of a desired size (based 

on modeling specifications) are created. Figure 6.3 shows views of a successfully etched drive 

element piston structure with properly tailored fillet radii. 

, iillet radius 

Figure 6.3: SEM images of an etched drive element piston: (a) cross-section view of SOI piston 
structure, (b) close-up of etched trench, and (c) further close-up of fillet radius feature. In this 
structure, a 20 - 25/im fiUet radius was achieved. Debris in background was generated during 
die-saw procedures. 

This final "fillet tailoring" step is tedious and difiicult because once the silicon has been 

etched away such that portions of the oxide are visible, very little time is required for lateral 

etching of the remaining silicon above the oxide layer to be completely etched away, resulting 

in potential "footing" profiles at the interface. The rapid lateral etching has been studied and 

investigated by numerous individuals, and it is believed to result from plasma charging effects 

at the silicon/oxide interface [3] [4] [5]. Consistently controlling these fiUet profiles is extremely 

hard to achieve, as etch parameters such as etch time, passivation time, SF^ fiow rate, electrode 

power during etching, electrode power during passivation, and C4F8 flow rate must be tuned 
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and optimized. The details of these DRIE process parameters are beyond the scope of this 

thesis. The purpose of this section, rather, has been to present the significant challenges and 

obstacles faced in the etching of thin-membrane structm-es with desired fillet radii profiles. A 

designer may specify a particular fillet size, but the cleanroom process of achieving that profile 

is often a time-consuming one. 

6.2.2    Wafer-Level Bonding 

For the multi-layer active valve structure presented in this thesis, various silicon-silicon and 

silicon-glass wafer-level bonds are performed. A silicon-silicon wafer-level fusion bonding process 

is used to bond Layers 4 and 5 together to form Stack 4-5 and Layers 7 and 8 together to form 

Stack 7-8. A silicon-glass wafer-level anodic bonding process is used to bond Layers 1 and 2 

together to form Stack 1-2, Stack 4-5 and Layer 6 together to form Stack 4-5-6, and Stack 

7-8 and Layer 9 together to form Stack 7-8-9. Following these wafer-level bonding steps, the 

stacks are die-sawed into individual dies and cleaned in preparation for die-level bonding and 

piezoelectric material integration. Further discussion of why certain bond steps are performed 

at the wafer-level and others at the die-level is covered in Section 6.2.4. Figure 6.4 illustrates 

the various wafer-level silicon-silicon and silicon-glass bonding steps. 
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Figure 6.4: Wafer-level silicon-silicon fusion and silicon-glass anodic bonding steps are caxried 
out prior to piezoelectric material integration. 

The silicon-silicon fusion bonding process used to create wafer-level stacks for the active 

valve device is a well developed process and consists of three primary steps [6]: (1) preparation 

and treatment of the silicon wafer surface to produce a hydrophilic surface, (2) alignment and 

adhesion of two wafers together (weak van der Waals or hydrogen bonds maintain wafer-wafer 

adhesion) in a clean room-temperatinre environment, either in air, inert atmosphere, or vacuum 

, and (3) high temperature annealing of the wafer stack at 1000°C to promote strong covalent 
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bonding. The strength of this fusion bond is dependent on the annealing temperature and time 

[2]. Paramount in the bonding process is the cleanliness of the silicon wafers prior to bonding 

and of the alignment and bonding apparatus itself. Particulate matter present between the 

silicon wafers during adhesion can result in significant defect regions characterized by little or 
no bonding. 

The siUcon-glass anodic bonding process used to create wafer-level stacks also is a well- 

developed process. This process involves three primary steps: (1) preparation and cleaning of 

the silicon and glass surfaces using a piranha soak and an oxygen ashmg step, (2) alignment 

and clamping of the two wafers together, and (3) application of a voltage (lOOOV) across the 

wafer interface at elevated temperature (300°). The negative electrode is applied to glass 

wafer surface not being bonded with the silicon wafer held at ground potential. As for the 

fusion bonding process, cleanliness of the wafers and the bonding apparatus is paramount for 

achieving high-quality and low-defect wafer-level bonds. 

6.2.3    Integration of Bulk Piezoelectric Elements 

Integration of the piezoelectric elements within the device constitutes a critical task in the 

assembly of the active valve device. This section discusses the important issues related to 

preparing and tolerancing of the piezoelectric material elements with respect to other features 

in the device. Details of the actual die-level assembly procedure will be provided in Section 
6.2.4. 

The top and bottom surfaces of the piezoelectric elements are covered with a thin-fihn gold- 

tin (Au-Sn) eutectic alloy for bonding to the adjoining silicon layers at an elevated temperature. 

In order to achieve good bonding over the complete interface area, the piezoelectric material 

must possess smooth top and bottom surfaces. A rough surface of the piezoelectric material 

(and therefore of the metallized layer), would result in only pinpoint contacts between the 

piezoelectric material and the silicon and therefore a weak bond. Prior to bonding, sizing of 

the piezoelectric elements with respect to the surrounding Layer 3 glass and etching of seats 

in the Layer 2 silicon to compensate for thickness mismatch between the piezoelectric material 

and glass is critical for ensuring a deflection of the drive element piston below levels of fracture 

stress in the tethers. Each of these piezoelectric material integration issues is covered in detail 

in the following sub-sections. 

Piezoelectric Material Preparation 

Virgin piezoelectric materials are obtained from vendors in the form of thin plates, each with a 

thickness of ~ 1.1mm and diameter between 1 cm and 5 cm. As received, these plates possess 

a surface roughness as large as 5fj,m.   In order to achieve adequate eutectic bonding during 
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device assembly, a surface roughness near 0.5//m is required prior to metallization. To achieve 

this, the piezoelectric material plates are polished using coarse and fine grain diamond slurry 

poUshing procedures. Figure 6.5 displays typical profilometer scans before and after material 

pohshing for the two primary types of piezoelectric materials used in the valve, PZT-5H and 

PZN-PT. 
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Figure 6.5: Profilometer surface roughness scans of PZT-5H and PZN-PT piezoelectric material 
plates before and after poUshing steps: (a) unpolished PZT-5H material, (b) polished PZT-5H 
material, (c) unpolished PZN-PT material, (d) polished PZN-PT material. Note that thin deep 
trenches are not counted within the roughness estimate. However, thin tall "mountains" must 
be accounted for since these would serve to separate an adjoining layer of material. 

During polishing, each plate is sized to yield a thickness of 1mm ± 10/im with thickness 

variation across the plate of ~ 2pm. Prior to metallization, the material plates axe solvent 

cleaned with a series of acetone, methanol, and isopropanol steps. Additionally, a further 

cleaning soak in a 20:1 water:nitric acid solution is carried out for 1 minute to remove particulate 

matter. At this point, the piezoelectric material plates are ready for metallization. 
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AuSn Eutectic Bonding 

To bond mechanically and to connect electrically the piezoelectric material cylinders to the 

adjoining sihcon layers in the active valve device, a reliable bonding mechanism must be em- 

ployed. This bonding mechanism must allow for tight dimensional control over the bond layer 

thickness and allow for a bonding temperature and environment that is compatible with the 

rest of the die-level assembly process. Numerous bonding methods that could potentially work 

in this device, ranging from polyimides and epoxies to brazing and soldering to gold-based 

eutectic alloys, have been presented in the hterature. A detailed discussion of these research 

efforts, with application toward the development of MHT technology, is found in [2]. The re- 

sulting conclusion of initial work by Mlcak [8] and the subsequent work by Turner [2] was to 

employ a thin-film AuSn eutectic alloy (composition: 80 wt. % Au and 20 wt. % Sn) as the 

bonding mechanism within MHT devices in general, and specifically within the active valve 
device presented in this thesis. 

A four layer fibn structure on the piezoelectric material and a three layer film structure on 

each of the adjoining silicon layers is deposited in preparation for bonding, as shown in Figure 

6.6. The four layer structure on the piezoelectric material consists of 50 nm Ti, 250 nm Pt, 

4000 nm AuSn, and 50 nm Au. The Ti serves as an adhesion layer, the Pt as a diffusion barrier, 

and the final Au as a capping layer to prevent oxidation of Sn in the AuSn alloy. The AuSn 

layer, chosen to be thick enough (4 /im) to compensate for the piezoelectric material surface 

roughness (~ 0.5fim), is sputtered from an alloy target with 80 wt. % Au and 20 wt. % Sn 

composition. Sputtering is chosen over evaporation because sputtering allows the stoichiometry 

of the target to be maintained in the deposited film [9]. The three layer Ti-Pt-Au structure on 

each of the adjoining silicon pieces enables the eutectic alloy to wet the silicon and is deposited 

on the die-level using e-beam evaporation procedures. 

.Layer 4 silicon 

Piezoelectric material' 

Uyer 2 silicon 

- ■ 50 nm Ti 
-■ 250nmPt 
■ □ SO nm Au 

■ s SO nm Au 
■ ° 4000 nm AuSn 
■ ■ 250 nm Pt 
■ ■ 50 nm Ti 

Figure 6.6: Eutectic alloy deposition on the piezoelectric material and adjoining silicon layers. 
The piezoelectric material contains a 4 layer film structure and each of the silicon layers contains 
a 3 layer film structure. 
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Dicing/Core-Drilling of Piezoelectric Elements 

Following deposition of the eutectic alloy, the metalUzed piezoelectric material plates are core- 

drilled or diced to produce either cylindrical or square piezoelectric elements. As detailed in 

subsequent chapters of this thesis, devices integrating both cylindrical and square elements have 

been successfully fabricated and tested. The advantage of using square piezoelectric elements 

over cylindrical ones is that the process of dicing a piezoelectric material plate in a grid pattern 

results in the production of 2-3 times the number of elements than can be produced from 

core-drilling from a identical size plate. By sheer numbers and by the fact that closely located 

elements will possess almost identical thicknesses (relatively insensitive to variations in thickness 

across the material plates), the use of square elements increases the odds of being able to 

select multiple elements of identical thickness to insert into drive element structures. Once 

the material plate has been either core-drilled or diced, the resulting piezoelectric elements are 

individually measured for thickness using a hand-held precision micrometer, as shown in Figure 

6.7. By calibrating the micrometer before each measurement with a precise thickness gauge 

block (1mm ± 0.01 fxm) and averaging repeated series of measurements of the same elements, 

these thickness measurements are estimated to be accurate within ~ O.bfim. The elements are 

then organized and sorted according to the thickness. 

(a) (b) 

Figure 6.7: Precision micrometer used for thickness measurement of the piezoelectric elements 
and Layer 3 glass dies prior to device assembly: (a) calibration of micrometer with respect to 
a 1 mm gauge block, and (b) measurement of an individual piezoelectric element. 

Etching of Piezoelectric Element Seats 

One of the critical issues during integration of the piezoelectric material elements is guaranteeing 

an upward deflection of the drive element piston large enough to ensure a preload on the eutectic 
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alloy interface during bonding, yet small enough to ensure stresses in the piston tethers below 

the critical value of 1 GPa. Typically, in the drive element structures designed, fabricated, and 

tested in this thesis, the piston tethers will reach a tensile stress of 1 GPa for displacements 

near ~ 9/im. Therefore, at any time during the bonding, poling, and operation of a device, 

it is desired to maintain piston displacements no greater than a safe value of ~ 6/im. In 

terms of preload on the eutectic interface, it is desired to ensure a "piston push-up" of ~ 2/^m. 

These requirements therefore dictate that at the instant of eutectic bonding, the piezoelectric 

element(s) beneath the drive element piston must be forcing the piston upward by ~ 2/im and 

that for all time after that the piston must not be forced to displacements greater than ~ 6/im. 

Considering that this 4/im range is 0.4% of the total piezoelectric element thickness, this task 
represents quite a challenge. 

In preparation for piezoelectric element integration, the Layer 3 glass wafer is diced into 

individual dies, and each of these dies is measured using the hand-held micrometer. As received 

from the vendor, each of the ultrasonically-machined Layer 3 glass wafers possesses a thickness 

between 967 fim and 974 nm, with thickness variation across a given wafer less than Ifim. At 

the time of integration, since the piezoelectric elements (with deposited eutectic alloy films) 

have thicknesses near 1000 fim and the Layer 3 glass dies have thickness near 970 nm, it is 

necessary to have the capability to remove this thickness difference of ~ 30/im between the 

piezoelectric material and the surrounding glass. Ideally, once mtegrated into the device, the 

piezoelectric elements' top surfaces should be sUghtly above level with the Layer 3 glass top 

surface so as to produce predictable upward displacement of the drive element piston from its 
equiUbrium position ("push-up"). 

I     push-up' 

glass 

Figure 6.8: Compensation of the piezoelectric element - Layer 3 glass thickness mismatch by 
plasma etching shallow seats in the Layer 2 bottom silicon die. Precise control of the etch depth 
is necessary to achieve the desired "push-up" of the drive element piston. 

This thickness matching is achieved by plasma etching shallow seats for all of the piezoelec- 

tric elements in the Layer 2 bottom silicon wafer, as shown in Figure 6.8. An iterative process 

of carefrilly timed etches followed by depth measurements using a scanning profilometer can 

result in etch depth control to within ~ O.bfim. With this capability to compensate for thick- 

ness mismatch between the piezoelectric elements and the surrounding Layer 3 glass, proper 
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"push-up" of the drive element piston can be achieved during assembly and bonding. On the 

die-level, each Layer 2 sihcon die is matched with a pre-measured {tpiezo) grouping of one or 

three piezoelectric elements (depending on whether a single or multiple piezoelectric valve is 

being fabricated) and with a pre-measured {tglass) Layer 3 glass die. With knowledge of the 

three-layer film thickness tdeposition (see Section 6.2.3) that will subsequently be deposited on 

the underside of the drive element piston in Layer 4 and on the top surface of the "to be etched" 

seats in Layer 2, and with the value oi A^p^^sh-up" desired after device assembly, the required 

etch depth (Agjch) in Layer 2 is determined, according to 6.1. 

A-etch — tpiezo + ^tdeposition ~ tglass ~ A^p^sh-up" ("■•'■/ 

Following etching of the seats, the Layer 1-2 silicon dies are cleaned and combined with 

Stack 4-5-6 silicon dies for deposition of the three-layer Ti-Pt-Au film structure required for 

eutectic bonding. This deposition is performed using e-beam evaporation through specially- 

machined shadow mcisks to allow for selective coating of the dies. For the Stack 4-5-6 dies, the 

underside of the drive element piston is coated, and for Layer 2 dies the inside of each of the 

etch seats is coated. 

6.2.4    Die-Level Assembly and Bonding 

Assembly and Bonding Procedure 

Final assembly of the active valve device is performed at the die-level. As shown in Figure 6.9(a), 

wafer-level etching and bonding procedures, followed by dicing of the stacks into individual dies 

have resulted in the creation of a Stack 7-8-9 die, a Stack 4-5-6 die, a Stack 1-2 die, and a Layer 

3 die. Additionally, piezoelectric material preparations have created individual piezoelectric 

elements ready for insertion. It is desirable to perform these bonding steps at the die-level, 

rather than the wafer-level, so as to allow for individual measurements of the Layer 3 glass 

die thickness ajid to enable individual control of the seat etching in Layer 2. Additionally, 

die-level bonding significantly reduces the risk of losing an entire multi-layer wafer structure 

during wafer-level processing. The die-level assembly process consists of four main steps, as 

shown in Figinre 6.9(b), (c), (d). 

1. Die-level anodic bonding of Stack 4-5-6 to Stack 7-8-9 at a temperature of 300°C and an 

applied voltage of lOOOV across the Layer 6 - Layer 7 interface. This bond is performed 

at atmospheric pressure. Time of bond = 20 minutes. 

2. Die-level anodic bonding of Stack 1-2 to Layer 3 at a temperature of 300° C and an 

appUed voltage of lOOOV across the Layer 2 - Layer 3 interface. This bond is performed 

at atmospheric pressure. Time of bond = 45 minutes. 
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Figure 6.9: Die-level bonding procedure for active valve device: (a) beginning dies ready for 
assembly, (b) Step 1: anodic bonding of Stack 4-5-6 to Stack 7-8-9 ; Step 2: anodic bonding of 
Stack 1-2 to Layer 3, (c) Step 3: insertion of piezoelectric element(s), and (d) Step 4: anodic 
bonding of Stack 1-2-3 to Stack 4-5-6-7-8-9. 
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3. Alignment and placement of one or more piezoelectric material elements within the Stack 

1-2-3 die. 

4. Simultaneous die-level anodic bonding of Stack 1-2-3 to Stack 4-5-6-7-8-9 and eutectic 

bonding of piezoelectric element (s) to Layer 2 and Layer 4 siUcon. This bond is performed 

in a reducing atmosphere oiAr — h%H2 gas at pressure 10~^ torr and temperature 300° C. 

Additionally, a voltage of lOOOV is applied across the Layer 3 - Layer 4 interface. Time 

of bond = 60 minutes. 

A reducing atmosphere is chosen for the final simultaneous anodic/eutectic bond to ensure 

no oxidation of the Sn within the AuSn alloy and to acheive a void-free eutectic bond [2]. 

Additionally, following this bond, the device is cooled under vacuum to ensure removal of all 

trapped gases within the bond. Completion of these four die-level bonding steps produces an 

active valve structure that is ready for filhng of the hydraulic amplification chamber. 

Assembly Jigs 

The die-level anodic bonding discussed above is performed using the specially machined ahgn- 

ment and bonding jigs shown in Figure 6.10. The Ist-generation jig, shown in Figure 6.10(a), 

provides a large central contact surface onto which a die can be placed and the bottom surface 

held at either positive or negative voltage. An outer ring with attached spring clamps for clamp- 

ing of one die onto another is held at ground potential. Once inserted into an oven, electrical 

contact is made through attached feet on the underside of the jig. Alignment, placement, and 

clamping of a dies and insertion of piezoelectric elements is facilitated by a vacuum chuck with 

3-axis motion capability and a range in each of these directions of 1 cm. The 2nd-generation 

jig, shown in Figure 6.10(b), is more compact than the Ist-generation jig. It likewise provides 

electrical contact through thin wire clamps, but additionally allows for edge alignment of dies 

to a central area with ceramic insulating locator pins. Figure 6.11 illustrates an active valve 

device in the final bonding step using the 2nd-generation anodic bonding jig. 
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(a) (b) 

Figure 6.10: Die-level alignment and bonding jigs: (a) Ist-generation jig, (b) 2nd-generation 
jig- 

Figure 6.11: Electrical contact to an active valve chip for anodic bonding: (a) side view of chip 
in jig and (b) top view of chip in jig. Electrical cantilever pins contact various layers of the 
device for bonding procedures. 
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6.2.5    Fluid Filling/Sealing of HAC 

Introducing fluid into the hydraulic amplification chamber of the active valve is a critical step in 

preparing the device for operation. Any bubbles or trapped residual gas within the amplification 

chamber will significantly increase its compliance, thereby eliminating efiicient coupling between 

the drive element and valve membrane structure. This section briefly details the fluid fiUing 

procedure and issues associated with sealing. 

Procedure for Filling 

A fluid-filUng apparatus and procedure developed by Richard Mlcak (Boston Microsystems, Inc) 

and updated by Lodewyk Steyn (MIT) was used to fill the active valve devices developed in 

this thesis. The apparatus, shown in Figure 6.12, consists of a filling chamber, a fiuid reservoir 

chamber, a vacuum pump, and a series of valves connecting these components together. A 

schematic of the component connections is shown in Figure 6.13. A detailed explanation of the 

filling procedure and issues associated with the development of this procedure can be found in 

[10] and [11]. The major steps in the filling process are as follows: 

Fluhl F^ur.>T.uirCtnni!n.T 

FillinyCh iriibiT 
Vriniiim Punio 

. ■■,-J. 

Figure 6.12: Fluid filling apparatus to fill active valve devices. System consists of a fiuid reser- 
voir chamber, a filling chamber, a vacuum pump, and series a valves connecting all components 
together. 

1. The assembled, bonded, and poled active valve device is inserted into the filling chamber. 

The chamber is then closed, with no fluid present in this chamber. Valve 1, Valve 3, and 

Valve 5 axe closed. 
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Figure 6.13: Fluid filling schematic of component connections. 

2. With the fluid reservoir chamber full of fluid, Valve 4 is closed and Valve 2 is opened. The 

vacuum pump is initiated to outgas the fluid in the reservoir chamber. After a period of 

1 hour, Valve 2 is closed. Valve 4 is then opened to bring the reservoir pressure back to 

atmospheric pressure. 

3. Valve 3 is opened to introduce a small amount of fluid into the filUng chamber from the 

reservoir chamber. Valve 3 is then closed. Valve 1 is then opened and the filling chamber 

is evacuated to approximately 1 torr. This evacuation acts to boil off the fluid introduced 

into the filling chamber. The hydraulic amplification chamber and other fluidic channels 

in the device are thereby filled with silicon oil vapor, which easily wets the walls of these 

structures. After 10 minutes, Valve 1 is closed. 

4. Valve 3 is opened for a suflScient time to deliver to the filling chamber a volume of fluid 

that submerges the valve device and the jig within which it rests. Valve 3 is then closed. 

5. Valve 5 is opened to pressurize the filling chamber to atmospheric pressure. This step, 

which lasts for approximately 1 hour, serves to "push" the fluid into the hydrauUc ampli- 

fication chamber. The device is then removed from the filling chamber and is ready for 
testing. 

During this filling procedure, the active valve device is securely clamped within a test-jig 

apparatus. Prior to removal from the filling chamber, a valve located on the test jig that leads 

to the HAC chamber is closed. Once hooked up to the experimental testing apparatus, this 

valve is opened to an external pressure regulator (see next section). 

162 



Sealing Issues 

In order to maintain a compressive stress on the piezoelectric elements at all times and to 

eliminate the potential for cavitation within the hydraulic amplification chamber during actu- 

ation, the fluid within the chamber is required to be held at a positive bias pressure (typically 

0.5-2MPa). The value of this bias pressure Pbias is determined based on the PHAC pressure 

fluctuations expected during active valve operation (determined using numerical simulation). 

Pbias should be chosen to ensure that PHAC never passes below zero during actuation. Sealing 

of the HAC chamber at a desired bias pressure was not an option in this thesis because such a 

procedure had not been developed. Further discussion of sealing and encapsulation studies for 

these types of devices can be found in [11]. For the purposes of the active valve described in 

this thesis, therefore, it was required to develop a means to bias the PHAC after the fluid filling 

operation was complete and without completely sealing the chamber. 

To accomplish this objective, a small cross-sectional area fluid channel was etched into the 

underside of Layer 7 so to provide a connecting path between the hydraulic amplification cham- 

ber and an external pressure regulator. Figure 6.14 illustrates this concept. By incorporating 

a high resistance fluid channel in this location, static bias pressures dictated by the external 

regulator can be imposed on the chamber, however, high frequency pressure fluctuations created 

during actuation remain confined to the chamber. In essence, this channel acts as a low pass 

filter for transmission of pressure fluctuations into and out of the chamber. The channel length, 

width, and height were designed to be 1mm, 10fj,m, and 10/im respectively. The channel was 

desired to be long and thin so as to create a laxge flow resistance during actuation. However, 

the channel width and height were designed large enough so as to be able to initially fill the 

device with fluid using the procedmre detailed above in a reasonable amount of time (on the 

order of 20 minutes). 

Fluid Channel 

u 
Filled Ruid 

:(gK^^ 

i'« m 

Bias 
Pres. 

Figure 6.14: Schematic of the high resistance fluid channel between the HAC and an external 
bias pressure regulator. This channel was etched into the underside of Layer 7. 

To design properly this high resistance flow channel for use in the active valve geometry 
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detailed in this thesis, a model was developed to capture the inertia and flow resistance associ- 

ated with a fluid slug within the channel (see Figure 6.15). The assumptions in this model are: 

(1) the fluid slug occupies the entire length of the channel, (2) the fluid slug interacts with the 

volumetric stiff^aess of the hydraulic ampUflcation chamber (designated as KHAC), and (3) the 

fluid slug flow behavior is governed by Hagen-Poiseuille flow relations. The variable AV^ing is 

defined as the volume of fluid pushed into/pulled out of the HAC chamber during an actuation 

cycle of the active valve. The variable AP,,uj is defined as the diflFerential pressure seen across 

the fluid slug during this actuation cycle due to pressure fluctuations within the HAC chamber. 

h-> 
AV, slug 

AP, sluo" 
FluklSlug 

KHAC        VC 
where A.^,,^ = (jtol,,^ y 4 

where M,,^ = pA^,^ Lc,^^ 

where AV^^ = Z^,^ A^^h,^, 

•-channel 

Figure 6.15: Model of the high resistance fluid channel between the HAC and an external bias 
pressure regulator. A fluid slug within the channel is modeled. This slug is acted upon by an 
external stiffness associated with the HAC chamber stiffness. Additionally, the flow resistance 
of this slug through the channel is modeled using laminar Hagen-Poiseuille flow relations. 

Based on the model schematic in Figure 6.15, a differential equation for the slug behavior 
can be written, 

( 
42 ""*    ) ^Vslug + RchanneAVslug + KuAC^Vslug = ^Pslug 

channel / 
(6.2) 

where Rchannel = { ^^^^^ft""""' ) is based on Hagen-Poiseulle flow in a circular channel [81. 
\ channel    / *■   ^ 

In this relation, /i is the viscosity of the fluid. Inserting this flow relation into Equation 6.2 and 

rearranging in the frequency domain, a transfer function relating AV^i^g to AP,,„g is obtained 

AK slug _ 
(6.3) 

where p is the density of the fluid in the channel.  The natural frequency (known as the 

Hehnholtz frequency) of this fluid-structure interaction event can be written as 

JHelmholtz — 
1     KHAcnDl channel 

27r V        ^pLchannel 
(6.4) 
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In designing the channel dimensions, the following parameter values (which correlate with 

the active valve geometry fabricated in this thesis) were assumed: Lchannel = 1mm, Dchannei = 

11.3/im, KHAC = 1-Oe^''0, p = 760^, and /i = 6.5e-*^. These values result in a frequency 

of 48Hz for which AT^j„j is 1% of the drive element volume change. Additionally, a Helmholtz 

frequency of fHelmholtz = 578Hz results. However, Helmholtz resonant behavior of this slug is 

non-existant due to the dominant fluid viscous losses in the channel. Additionally, with these 

channel dimensions, it is estimated that dvuring initial fluid fiUing, the HAC chamber should fill 

in approximately 5-10 minutes under atmospheric pressurization in Step 5 of the above fluid 

filling procedure. Chapter 9 includes experimental verification of the performance of this high 

fluid resistance channel within working high frequency active valve devices. 

6.3    Sub-Component Testing Plan 

To solve and to overcome the previously described fabrication challenges, a fabrication and 

experimental test plan was developed. This plan divides the full piezoelectrically-driven active 

valve device into simpler decoupled sub-components structures, which can be independently 

fabricated, assembled, and tested. The sub-component structures are the piezoelectric drive 

element and the valve cap and membrane structure. Figiure 6.16 outUnes this plan. This section 

provides a general overview of the sub-component geometries and the important questions that 

need to be answered in each of the sub-component studies. Subsequent chapters of this thesis 

go on to provide complete and detailed experimental validation of each of the sub-components. 

Piezoelectric Drive 
Element 

Valve Cap and Membrane 

Piezoeledrically-Driven 
Hydraulic Amplification 

Microvalve   . 

Figure 6.16: Sub-component fabrication and testing plan. Realization of a full piezoelectrically- 
driven hydraulic amplification microvalve depends on successfiil validation of the piezoelectric 
drive element and the valve cap and membrane deformation behavior. Fluid fiUing success is 
evaluated with the full active valve device. 

6.3.1    Piezoelectric Drive Element 

The piezoelectric drive element provides actuation volume change and pressurization to the 

hydraulic amplification chamber and therefore the valve cap and membrane as it opens and 

closes against a fluid orifice. This sub-component study proves that etching of the high-aspect 

ratio tethered piston structures and control of fillet radii at the base of these etches can be 
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performed in a repeatable fashion. Additionally, wafer-level silicon-silicon fusion bonding were 

validated to form Stack 4-5. As shown in Figure 6.17, devices were constructed with single- 

layer pistons as well as double-layer pistons for stiffness comparison. Piezoelectric material, 

both PZT-5H and PZN-PT, were processed to create individual piezoelectric elements for in- 

sertion into drive element structures. Sub-component devices with a single element placed 

centrally beneath the drive piston as well as devices with three piezoelectric elements spaced 

out uniformly beneath the drive piston were fabricated to validate enhanced stiffening benefits 

of drive element actuators with multiple piezoelectric elements (again see Figure 6.17. The drive 

element sub-component devices were experimentally tested to evaluate both quasi-static defor- 

mation behavior (frequencies < 15 kHz) and dynamic modal behavior (up to 200 kHz) under a 

wide range of applied voltages. Completion of this sub-component study enables incorporation 

of the drive element actuator structure within complete active valve structures. 
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Displacement 
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(a) (b) 

Figure 6.17: Drive element sub-component study: (a) devices with a single piezoelectric element 
centrally-located beneath the piston as well as devices with single-layer pistons will be fabri- 
cated, (b) devices with three piezoelectric elements positioned beneath the piston and devices 
with double-layer pistons will also be fabricated. 

6.3.2    Valve Cap and Membrane 

The valve cap and membrane structure reacts to differential pressures to open and close agamst 

a fluid orifice. This sub-component study validates the etching of the membrane and control of 

fillet radii at the oxide etch stop. Valve membrane structures were tested to verify non-linear 

pressure-deflection behavior, and results were compared to the non-linear numerical models 

presented in Chapter 3 of this thesis. The sub-component structure used for these tests is 

shown in Figure ??(a). Gas pressure was introduced into the amplification chamber to directly 

force the valve cap and membrane structure upward. Additionally, gas pressure was introduced 

above the membrane as well to deform the structure in the downward direction. Deflection of 

the valve cap was measured using a laser vibrometry system. Completion of this sub-component 
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study provides an understanding of the valve membrane stiffness in response to applied pressures 

and therefore enables subsequent fluid fiUing and testing of full active valve devices. 
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i^r             1                    1 
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Figure 6.18: Valve membrane sub-component study and full active valve study: (a) valve 
cap and membrane within assembled chamber were deformed with gas pressure to determine 
structural stiffness, (b) the active valve device was fully characterized for pressure-flow behavior 
and limitations in dynamic performance. Note that the high resistance flow channel and the 
external fluid flow path above valve cap overlap in this schematic. In reality, these channels are 
offset spatially from one another. 

6.3.3    Full Active Valve 

Having successfully completed the two sub-component studies, a full active valve device was 

tested. The structure of this device is shown in Figure 6.18. Displacements of the valve cap 

in response to applied piezoelectric voltage were determined. In addition to evaluating the 

opening and closing capability of the valve in response to voltage, differential pressure - flow 

relations were established across the flow channel. Dynamic transfer functions of the full valve 

device were obtained and limitations in device performance were established. 

6.4    Testing AppEiratus 

6.4.1    Laser Vibrometer System 

A laser vibrometer system was used to measure the structural vibrations of the drive element pis- 

ton and valve cap during the experimental testing of the full active valve and its sub-component 

structures. This system uses a technique known as laser doppler vibrometry to detect the ve- 
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locity of a moving surface. The wave used for this purpose is a laser, typically HeNe or of 

similar wavelength. When this wave strikes a moving surface and reflects back, a frequency 

shift is introduced. If the reflected wave is compared with the incident wave, the frequency 

shift results in a beating phenomenon, where the beat frequency is proportional to the velocity 

of the moving surface. Measuring this beat frequency therefore gives the velocity of the surface 
being measured. 

During testing of the active valve and its sub-components, some of the measurements were 

taken through a medium of air in contact with the moving surface and some were taken through 

a medium of silicon oil in contact with the moving surface. As described in [13], the Doppler 

frequency shift, and hence the beat frequency, is proportional to the target velocity and also 

proportional to the refractive index of the medium in contact with the target. The silicon oil 

used in the valve (Dow Corning DC200 0.65 centistoke oil) has a refractive index of 1.375. 

Therefore, in taking measurements using this laser vibrometer system, any measurement values 

taken with this oil in contact with the moving surface were divided by 1.375 to obtain the 

proper values. All results incorporating oil in contact with the valve cap in subsequent chapters 
have been properly scaled by this value. 

6.4.2    Fluids Test-Rig 

The fluids testing rig used in the active valve and sub-component studies documented in this 

thesis was designed, built, and constructed by Lodewyk Steyn. Figure 6.19 illustrates a portion 

of this set-up. The exphcit details of this test-rig are contained in [11]. In summary, this set-up 

enables the control of a wide range of pressure loadings on the drive element piston, within the 

HAC chamber, and on the valve cap and membrane upstream and downstream of the valve 

orifice flow channel for the active and sub-component studies. Fluid reservoirs contain degassed 

silicon oil for the purposes of creating fluid flow in testing the active valve device. A series of 

absolute and differential pressure sensors are located throughout the set-up to enable real-time 

measurements of the static and dynamic pressures at critical locations within the valve device. 

Further discussions of which pressures were measured for which experiments are included in 

the subsequent experimental chapters of this thesis. 

6.5    Conclusions 

This chapter has presented the fabrication and assembly challenges faced in reaUzing a working 

piezoelectricaUy driven hydraulic amplification microvalve. The wafer-level fabrication process, 

piezoelectric material preparation and integration issues, and die-level assembly and bonding 

procedures were discussed. Additionally, an overview of the active valve sub-component test 

plan was presented.   The details of these sub-component studies are covered in subsequent 
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Figure 6.19: Fluids test-rig for testing of the active valve and its sub-components. This set-up 
contains fluid reservoirs, static and dynamic pressure sensors, flow sensors, and absolute and 
difl'erential pressure sensors for evaluating device performance during testing. 

chapters. 
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Chapter 7 

Sub-Component Study: 

Piezoelectric Drive Element 

7.1    Objectives 

The purpose of this sub-component study was to evaluate the fabrication and assembly process 

flow of the piezoelectric drive element structure, shown in Figure 7.1, and to obtain quasi-static 

and high-frequency experimental data on completed devices. Specifically, the three primary 

objectives of this study were: 

1. To determine whether both single-layer and double-layer piston structures could be fab- 

ricated and assembled in drive element devices. As compared to single-layer pistons, the 

double-layer design enhances the structural stiffness of the micro-actuator device. 

2. To determine whether standard polycrystalline PZT-5H and higher-performing single- 

crystal PZN-PT materieils [4] could be processed and integrated within tethered-piston 

drive element structures. Although the final active valve devices (detailed in Chapter 9) 

incorporated solely PZN-PT material, the high cost of this material forced initial studies 

to work with less costly PZT-5H material. 

3. To determine whether both single and multiple piezoelectric elements could be successfully 

integrated beneath the drive element piston. Multiple elements spread out beneath the 

piston serve to stiffen the micro-actuator structure. However, tolerancing and bonding of 

multiple elements within the device is more challenging. 

Successful integration of these types of piezoelectric materials with properly etched and 

bonded tethered piston structures demonstrates the potential for high-frequency, high-stiffness 

actuation within full active valve devices. 
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Figure 7.1: 3-D schematic of a piezoelectric drive element device. Three piezoelectric cylinders 
are sandwiched between a lower support silicon layer and an upper double silicon layer tethered- 
piston structure. Voltage is carried along the upper and lower silicon layers. 

7.2    Device Test-Plan 

The overall piezoelectric drive element sub-component study was divided into two parts. In 

the first part, "Ist-generation" drive element devices were fabricated and tested. In the second 

part, "2nd-generation" drive element devices, slightly different in geometry than the "Ist- 

generation" devices, were fabricated and tested. Ideally, a consistent geometry would have 

been preferred throughout the full study. Unfortunately, due to research program scheduUng 

and resource limitations, the use of different geometries was unavoidable. The experimental 

results of the two sub-studies combined together, however, do provide overwhehning evidence 

that integration of piezoelectric elements within micromachined siUcon thin-tethered piston 

structures is achievable. The overall device test plan is illustrated in Figure 7.2. The three 

major design variations contained within this sub-component study were: (1) use of a single- 

layer siUcon drive piston structure versus use of a double-layer piston structure, (2) integration 

of PZT-5H material versus integration of PZN-PT material, and (3) incorporation of a single 

piezoelectric element beneath the piston versus integration of three elements spread out beneath 
the piston. 

7.2.1    1st Generation Devices 

As shown in Figure 7.2, the Ist-generation study included the fabrication and testing of three 

unique drive element devices, all incorporating a single-layer silicon drive piston. Device 1 

incorporates a single PZT-5H cylindrical piezoelectric element centrally located beneath the 

tethered piston. Device 2 incorporates a single PZN-PT cyUndrical piezoelectric element also 
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1st Generation Devices 

Device 1:   Single PZT-5H Cylinder 
Single-Layer Piston 

:K 

Device 2:   Single PZN-PT Cylinder 
Single-Layer Piston 
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Device 3:   Three PZT-5H Cylinders 
Single-Layer Piston 
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2nd Generation Device 

Device 4:   Three PZN-PT Cylinders 
Double-Layer Piston 
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Figtire 7.2: Overview of the drive element sub-component test plan. Within the 1st generation 
study, devices incorporating single and three piezoelectric cylinders (both PZT-5H and PZN- 
PT) beneath single-layer drive pistons were fabricated and tested. Within the 2nd generation 
study, devices with three PZN-PT square piezoelectric elements beneath double-layer drive 
pistons were fabricated and tested. 

centrally located beneath the piston structure. Device 3 incorporates three PZT-5H cylindrical 

elements spread out uniformly beneath the piston. In all three devices, the piezoelectric cyUnder 

thicknesses are ~ 1mm, while the drive piston has a thickness of 390/im and the tether has 

a thickness of d^m. Figures 7.3(a) and (b) illustrate the top-view layout and dimensions 

of these single-cylinder and three-cylinder Ist-generation drive element devices, respectively. 

Experimental comparison of Device 2 with Device 1 demonstrates the benefits and drawbacks 

of incorporating the higher-strain capability, yet lower stiffness PZN-PT material versus PZT- 

5H material. Experimental comparison of Device 3 with Device 1 demonstrates the enhanced 

stiffening effects of incorporating multiple piezoelectric elements rather than a single centrally- 

located one within the drive element structure. Additionally, this comparison uncovers any 

potential difficulties involved in obtaining adequate eutectic bonding between all three cylinders 

and the adjacent silicon surfaces. 
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1st Generation Devices 

Dimensions: 

Rteihof = 3.10 mm 
Rpiston = 2.85 mm 
Tether width = RteiherRpiston = 250 um 
Rep = 1.75 mm 

Cylindrical Piezoelectric Elements 
Diameter = 1 mm 

2nd Generation Device 

Dimensions: 

Rtathar = 3.613 mm 
Rpiston = 3.363 mm 
Tether width = RteiherRpiston = 250 um 
Rep = 2.25 mm 

Square Piezoelectric Elements 
1.33 mm X 1.33 mm 

Figure 7.3: Drive element geometries and piezoelectric material layout for 1st and 2nd- 
generation devices: (a) Ist-generation device with a single piezoelectric cylinder, (b) 1st- 
generation device with three piezoelectric cylinders, and (c) 2nd-generation device with three 
piezoelectric square elements. 

7.2.2    2nd Generation Device 

As shown m Figure 7.2, the 2nd-generation study focused on the integration of three PZN-PT 

material elements beneath a double-layer drive element piston structure. This double-layer 

structure, as contained in the final design of the microvalve presented in Chapter 9, is critical 

for reducing compliance effects within the active valve during piezoelectric actuation. As for 

the Ist-generation devices, the piezoelectric element thicknesses are ~ 1mm. Since the piston 

is comprised of two layers, its total thickness is 780/im with each tether having a thickness of 

8/im. Figure 7.3(c) illustrates the top-view layout and dimensions of this 2nd-generation drive 

element device. Device 4. In order to maximize use of PZN-PT material, square elements rather 

than cylindrical elements were incorporated in this structure (significantly more piezoelectric 

elements can be created by dicing a given size plate into squares rather than core-drilling 

cylinders firom this plate). Successful fabrication and experimental evaluation of this final drive 

element device proves that such a micro-actuator structure can be implemented in the full active 
valve. 
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7.3    Device Assembly 

As shown in Figure 7.4, the drive element structures consist of five primary layers, two of 

which are silicon and three of which are glass. The bottom silicon layer contains etched seats 

for thickness compensation of the piezoelectric elements with respect to the surrounding glass 

and also contains gold pads for electrical contact. The top silicon layer contains the etched 

tethered-piston structure. For Ist-generation devices, this layer is formed from a single silicon 

wafer, whereas for 2nd-generation devices, this layer is formed through wafer-level bonding of 

two etched silicon wafers. The top and bottom glass layers provide support for clamping during 

device testing. 

Glass Layer 

Top Si Layer 

Tethered Piston 

Glass Layer 

Piezoelectric Cylinders 

Etch Seats 

Electrical Contact Pads 

Bottom Si l-ayer 

Glass Layer 

Figure 7.4: Exploded view of a Ist-generation piezoelectric drive element structure. One or 
more piezoelectric cylinders are arranged within a circular glass chamber, supported beneath 
by a siUcon layer with etched seats and bonded above to a micromachined piston. 

As shown in Figure 7.5 and detailed in Chapter 6, a series of wafer-level/die-level anodic 

bonding steps and a final simultaneous anodic-eutectic bonding step were carried out to com- 

plete each of the drive element devices. Following this assembly, wires were soldered to the 

contact pads on the top and bottom siUcon layers to provide electrical contact to the piezoelec- 

tric material. Poling of the device was performed by heating the device to approximately half 

the piezoelectric material Curie temperature {Tcurie = ISO^C for PZT-5H and Tcurie = 150°C 

for PZN-PT) and applying a voltage of lOOOV. Photographs of a Ist-generation drive element 

device prior to and following electrical lead attachment are shown in Figure 7.6(a) and (b) 

respectively. Photographs of a 2nd-generation drive element are shown in Figure 7.7. 
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steps 1,2: Wafer-level or die-level 
anodic bonding 

Anodic 
Bond 

Anodic 
Bond 

Step 4:  Insertion of piezo cylinders 

Piezoelectric 
cylinders 

Step 3:  Die-level anodic bonding 

Anodic 
Bond 

Step 5:  Simultaneous die-level 
anodic / eutectic bonding 

Anodic 
Bond 

* Device is ready for poling 

Figure 7.5: Assembly of a piezoelectric drive element device. Die-level anodic bonding proce- 
dures at T=300° and lOOOV were carried out to bond five layers together. The final anodic 
bonding step also serves to melt the eutectic alloy, forming the bond between the piezoelectric 
cylinders and the top and bottom silicon layers. 
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Tethered Piston 

Electrical Contact Pads Electrical Wires 

Critical Device Dimensions 
10mm X 10mm x 2mm 

(a) (b) 

Figure 7.6: Photographs of an assembled Ist-generation piezoelectric drive element device: (a) 
a packaged device ready for attachment of electrical wires, prior to device poling, (b) a device 
ready for experimental testing. The critical device dimensions are 10mm x 10mm x 2mm. Thick 
glass packaging layers were used for clamping purposes during testing. 

Double-layer 
Tethered Piston 

Electrical Contact 
Ports/Holes 

Critical Device Dimensions 
11 mm X 11 mm x 2.5mm 

(a) (b) 

Figure 7.7: Photograph of an assembled 2nd-generation piezoelectric drive element device: thick 
glass packaging layers were used for clamping purposes during testing. 
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7.4 Testing Procedure 

The process of experimentally testing a given drive element device consisted of three major 

steps. The first step involved careful microscopic inspection of the device to evaluate the 

fillet radius profile along the etched drive element tether. For Ist-generation devices, where 

smgle-layer pistons were used, measurements were taken following device assembly. However, 

for 2nd-generation devices, where a bonded double-layer piston prevented viewing of the piston 

etch, measurements were taken on each of the drive element tethers prior to wafer-level bonding. 

Knowledge of the fillet radius sizes was important for later evaluation of device performance. 

The second step involved characterization of stand-alone piezoelectric material elements that 

came firom the same batch (plate) of material that yielded the elements that were integrated 

within the device. This was a critical procedure so that comparison of drive element device 

voltage-deflection behavior could be compared to that of representative piezoelectric material 
elements. 

The third step involved rigorous experimental testing of the device. Each device was rigidly 

clamped to a test-jig surface and experimentally evaluated using a scanning laser vibrometer 

system. As shown in Figure 7.8, scan points were defined over the top surface of the tethered 

piston and along the circumferential boundary supporting the piston. Three measurement 

procedures were used to characterize device performance. In the first procedure, a low-voltage 

(0V±25V) sweep signal was applied to each device over a firequency range of lOkHz to 200kHz to 

determine the onset of dynamic modal characteristics. A transfer function of velocity (averaged 

over all scan points) versus frequency was recorded. Close-up frequency sweeps around dominant 

modal frequencies were then carried out to obtain high-resolution mode shape behavior. In the 

second procedure, a sinusoidal voltage of 500V±500V was applied to each device at selected 

frequencies of 15kHz and 7kHz to evaluate device behavior below the modal frequencies. At 

each of these low-frequencies, displacement time histories at the piston center and at an outer 

edge of the piston were recorded. In the third procedure, voltage-deflection curves (of the piston 

center) for varying levels of applied voltage were obtained at a frequency of lOOHz to determine 

the true quasi-static voltage dependent performance of the device. 

7.5 Experimental Results 

7.5.1    1st Generation Devices 

Measurement of Fillet Radius Profiles 

Following assembly of each Ist-generation drive element device, careful inspection of the drive 

element piston tether was performed to characterize the uniformity of the fillet radii along the 

tether circumference.   As shown in Figure 7.9(a), measurements were taken at eight equally 
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Figure 7.8: A scanning laser vibrometer system was used to characterize modal and quasi-static 
performance of each device. Measiurement points are defined on the top surface of the piston. 

spaced locations along the circumference. The first measurement point is located at 12 o'clock 

and numbering proceeds in the clockwise direction. The measurement terminology is illustrated 

in Figure 7.9(b). Using a microscope eyepiece with calibrated graduations, the tether width from 

the base of one fillet radius to the base of the opposite fillet radius was recorded. Additionally, 

the total trench width was measured. From these measurements, an average value for the fillet 

radius on each side of the trench was determined. Figure 7.9(c), (d), and (e) present the tether 

width and fillet radius measurements as a function of location along the tether circumference 

for Devices 1, 2, and 3, respectively. For Device 1, the tether width varies between 138//m and 

163/Ltm in a single sinusoidal cycle along the circumference (ie: the fillet radii vary from 43/im to 

56/XTO). Likewise, the tether width of Device 2 also varies sinusodially, but with slightly larger 

variation, between 165/itm and 200/im. For these two devices, due to this tether variation, the 

overall piston/tether stifi'ness is non-uniform around the circumference. For Device 3, tether 

width variation is also observed, however, in a more random fashion between 178/^m and 195/im. 

Characterization of Piezoelectric Material 

In order provide a basis for voltage-deflection comparison when testing completed drive element 

devices, representative PZT-5H and PZN-PT material cyhnders were individually characterized 

(sufficiently long after poUng, four days, to ensure adequate relaxation of the material). Figiure 

7.10 plots the results for three cylinders of each material at lOHz for a driving voltage of 

SOOF ± 500F. A very low firequency was chosen to guarantee true quasi-static behavior. The 

three PZT-5H cylinders exhibited peak deflections at lOOOF between 0.75/^m and 0.82/zm. The 

three PZN-PT cyhnders exhibited peak deflections at 10007 between 1.35/im and 1.55/im. 
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Figure 7.9: Inspection of tether width and fillet radii on Device 1, 2, and 3 tethered pistons: 
(a) definition of measurement locations around trench circumference, (b) average fR = i (total 
trench width - measured tether width), (c) Device 1 measurements, (d) Device 2 measurements, 
and (e) Device 3 measurements. 

Finite-element models of drive element devices have indicated that the stiffness of the tether 

is insignificant compared to that of the piezoelectric materials, and therefore it does little to 

restrict the firee-strain deflection of the piezoelectric material. As a result, these stand-alone 

piezoelectric element results provide an accurate expectation for quasi-static drive element 

device voltage-deflection performance. 
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(a) PZT-5H Cylinders: Displacement vs. Voltage at 10Hz 
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(b) PZN-PT Cylinders: Displacement vs. Voltage at 10Hz 
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Figure 7.10: Piezoelectric material characterization on representative stand-alone PZT-5H and 
PZN-PT cylinders: (a) voltage-deflection responses at lOHz for three different PZT-5H cylinders 
for V = 500V ± SOOF (these cylinders were taken from the identical PZT-5H material plate 
that yielded the cylinders used in Devices 1 and 3), (b) voltage-deflection responses at lOHz for 
three different PZN-PT cylinders for V = 500F ± 500V (these cylinders were taken from the 
identical PZN-PT material plate that yielded the cyhnder used in Device 2). 
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Experimental Testing of Device 1 

Figure 7.11(a) plots the transfer function of averaged velocity over the scanned piston surface 

versus frequency for Device 1. Figure 7.11(b) plots these transfer functions for specific locations 

on the piston surface, at the center and at an outer edge. Figure 7.12(a) presents experimental 

mode shapes of the device at selected modal frequencies. The device experiences a "1 - G" 

tilt mode at / = ZlkHz, followed by a "plunge" mode at / = 80kHz, and a "2 - 9" mode at 

/ = 131kHz. As shown in Figure 7.12, these modal frequencies correlate well with finite-element 

models of the device. The frequency difference in the "1-0" mode between finite-element model 

and experiment could be attributed to imperfect placement of the cylinder beneath the piston 

or non-uniform fillet radii around the piston tether. In looking at Figure 7.11(b), notice that 

the velocity amplitudes are significantly more pronounced at the piston edge compared to the 

piston center. This is especially true for the "1 - 6" tilt mode and the "plunge" mode. 

Figure 7.13 illustrates the displacement profile of the device at 15kHz with an applied 

sinusoidal voltage of 500V±500V. Slight tilting of the piston surface is observed, and is again 

likely influenced by imperfect piezoelectric cylinder placement or non-uniformity in fillet radius 

etching. Figure 7.14 displays the corresponding displacement profiles at the piston center and 

piston edge. Higher-order dynamic oscillations of / = 80kHz are observed within the lower 

15kHz drive frequency. These higher-order oscillations are more pronounced at the piston 

edge than at the piston center, which could be attributed to non-linearities inherent in the 

piezoelectric material or in the tether structure. The overall measured peak-peak deflection 

at the piston center, Sp-p = 0.69/irn, is slightly lower than the expected range of Sp^p = 

0.75 - 0.82/jm. Most hkely, this is a result of material inconsistency among the piezoelectric 
cylinders. 

Figure 7.15 displays the displacement profiles at the piston center and piston edge at a 

driving frequency of 7kHz. Higher-order dynamic osciUations of / = 80kHz are again observed 

in the piston edge displacement signal, but with a lower magnitude. As for the piston center 

response at 15kHz, the overaU measured peak-peak deflection at the piston center at 7kHz, 

Sp-p = 0.70/iTn, is slightly lower than the expected range of Sp-p = 0.75 - 0.82^Tn. Figure 

7.16 plots the voltage-deflection curves for the piston center at lOOHz as a function of varying 

appUed voltage levels, from lOGF ± lOOF to 5001^ ± 500K. Hysteresis in the PZT-5H material 

is clearly evident from the wide sweeping shapes of the curves. Overall, however, the peak 

displacement is close to linear with applied voltage. 

184 



10 
(a) 

pevic8 1 Transfer Function: Scan Average |::!: :80:l(Hz:::;:::;: 
   ^ :....::;: :pluilvge'iri6d6: ;:.131*HJ::: 

i-T mode. 

40        50      60 
Frequency (kHz) 

70 80 200 

1 
B 

8 
5 

in^ 
(b) 

j           I ...) 
:| Device 1 Transfer Function Piston Center 

1 Device 1 Transfer Function Piston Edge 

:          ,\        ': ) 
\ 

10^ _ ;  , ...; 

/, '    !h"^   ' \ 
 r  

'l        ■ * r\     * \ 
1 , -   // \  \ fi 

10' -::::::::::;:;::::::;:;:::::::::: 
/'; ^_ ̂  

■ * /  \    - ^ l^ 
 ;.. .^.^. ... 
 ^^jj.jsjiirrrrTTTTT' y\      '•' 
u*-*"-^*"^"*^ *i     / 

10" 

' 1     1    1 1      i     1 .      L 1 

■ 

10 20 30 40   50  60 
Frequency (kHz) 

70 80 100 130 200 

Figure 7.11: Device 1 transfer functions of piston velocity versus frequency for a sweep input 
from lOkHz to 200kHz and small signal drive voltage 0V±25V: (a) averaged velocity over 
piston surface, and (b) velocity at center and edge locations on piston surface. Modal behavior 
is present at 31kHz, 80kHz, and 131kHz. Phase information was not recorded for this device. 
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Figure 7.12: Device 1 modal behavior: (a) vibrometer scans of device: "1 - 6" tilt mode at 
/ = ZlkHz, "plunge" mode at / = 80kHz, and "2 - 6" mode at / = 131kHz, (b) comparison 
to results from the ANSYS finite-element model. 
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Figure 7.13: Vibrometer scan images of Device 1 low-frequency 15kHz displacement profile. The 
tilting of the piston surface is likely due to an uncentered piezoelectric cylinder or a non-uniform 
fillet radius in etched piston trench. 
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Figure 7.14: Device 1 displacement time histories for a sinusoidal drive voltage of 500V±500V 
at / = 15kHz: (a) piston center displacement and (b) piston edge displacement. Note the 
presence of 80kHz oscillations in the edge displacement time history. 
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Figure 7.15: Device 1 displacement time histories for a sinusoidal drive voltage of 500V±500V 
at / = 7kHz: (a) piston center displacement and (b) piston edge displacement. 
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Figure 7.16: Device 1 piston center displacement behavior versus applied voltage at lOOHz. 
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Experimental Testing of Device 2 

Figure 7.17(a) plots the transfer function of averaged velocity over the scanned piston surface 

versus frequency for Device 2. Figure 7.17(b) plots these transfer ftinctions for specific locations 

on the piston surface, at the center and at an outer edge. Figure 7.18(a) presents experimental 

mode shapes of the device at selected modal frequencies. In comparing this dynamic response 

to that of Device 1, the overall modal shapes are similar, however, the frequencies at which they 

occur are shifted downward. The "1 - Q" tilt mode occurs at / = 30kHz, the "plunge" mode 

at / - 61kHz, and the "2 - 0" mode at / = 112kHz. This frequency shift is expected since 

PZN-PT is a softer material than PZT-5H. As shown in Figure 7.18(b), these modal frequencies 

correlate well with finite-element models of the device. In looking at Figure 7.17(b), notice that 

the velocity amplitudes are significantly more pronounced at the piston edge compared to the 

piston center. This is especially true for the "1 - 6" tilt mode and the "plunge" mode. 

The displacement profile of Device 2 at 15kHz with an applied sinusoidal voltage of 500V±500V 

exhibits a non-uniform tilt (see Figure 7.19) in much the same manner as Device 1. The dis- 

placement time history at the piston edge exhibits components of the device "plunge" mode 

(see Figure 7.20). However, in comparison with Device 1 the magnitude of the piston center 

displacement in Device 2 is significantly increased to Sp^p = 1.42^m. This value correlates well 

with the expected peak-peak displacement range ofSp-p = 1.35 - 1.55/im. 

Figure 7.21 displays the displacement profiles at the pbton center and piston edge at a 

driving frequency of 7kHz. Dynamic oscillations of / = 61kHz are again observed in the 

piston edge displacement signal, and this signal has a decreased overall amplitude from the 

15kHz response. As for the piston center response at 15kHz, the overall measured peak-peak 

deflection of the piston center at 7kHz, Sp^p = 1.39/im, correlates well to the expected range 

of *p_p = 1.35 - 1.55/im. Figure 7.22 plots the voltage-deflection curves for the piston center 

at lOOHz as a function of varying applied voltage levels, from lOOF ± lOOF to 500F ± 500V. 

Comparing these curves to those of Device 1, it is clear that the PZN-PT material exhibits 

significantly reduced hysteretic behavior than the PZT-5H material. Additionally, the peak 

displacement is seen to be linear with applied voltage. 
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Figure 7.17: Device 2 transfer functions of piston velocity versus frequency for a sweep input 
from lOkHz to 200kHz and small signal drive voltage 0V±25V: (a) averaged velocity over 
piston surface, and (b) velocity at center and edge locations on piston surface. Modal behavior 
is present at 30kHz, 61kHz, and 112kHz. Phase information was not recorded for this device. 
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Figure 7.18: Device 2 modal behavior: (a) vibrometer scan images of device behavior: "1 - ©" 
tilt mode at / = 30kHz, "plunge" mode at / = GlkHz, and "2 - G" mode at / = lUkHz, 
(b) comparison to results from the ANSYS finite-element model. 
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Figure 7.19: Vibrometer scan images of Device 2 low-frequency 15kHz displacement profile. The 
tilting of the piston surface is likely due to an uncentered piezoelectric cylinder or non-uniform 
fillet radius in etch piston trench. 
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Figure 7.20: Device 2 displacement time histories for a sinusoidal drive voltage of 500V±500V 
at / = 15kHz: (a) piston center displacement and (b) piston edge displacement. Note the 
presence of 61kHz oscillations in the edge displacement time history. 
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Figure 7.21: Device 2 displacement time histories for a sinusoidal drive voltage of 500V±500V 
at / = 7kHz: (a) piston center displacement and (b) piston edge displacement. 
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Figure 7.22: Device 2 piston center displacement versus applied voltage at lOOHz. 
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Experimental Testing of Device 3 

Figure 7.23(a) plots the transfer function of averaged velocity over the scanned piston surface 

versus frequency for Device 3. Figure 7.23(b) plots these transfer functions for specific locations 

on the piston surface, at the center and at an outer edge. In comparing this dynamic response 

to that of Device 1, modal behavior is not observed until frequencies near / = 80kHz. The 

placement of multiple cyUnders beneath the piston eliminates tilting behavior at frequencies in 

the 30kHz to 80kHz range. As shown in Figure 7.24, initial modal behavior is characterized by 

non-symmetric motion of the piston surface, most likely due to unsymmetric placement of the 

piezoelectric elements beneath the piston, differences in material properties among the elements, 

or a non-uniform fillet radius profile along the tether cncumference. A perfectly symmetric 

finite-element model of this device predicts 1st modal behavior at 225kHz (see Figure 7.25). 

For low-frequency actuation, the multiple piezoelectric cylinder stiffening effect is observed 

in Figure 7.26 as the displacement profile at 15kHz experiences minimal tilting during actuation. 

In addition, as shown in Figure 7.27, the displacement time histories at the piston center 

and piston edge are relatively free from higher order oscillations. A small contribution with 

frequency / ~ 90kHz is evident in the piston edge displacement time history. As for Device 1, 

the magnitude of the piston center displacement in Device 3, Sp^p = 0.72/im, is sUghtly lower 

than the expected range of Sp^p = 0.75 - 0.82/im. 

Figure 7.28 displays the displacement profiles at the piston center and piston edge at a 

driving frequency of 7kHz. Again, almost perfect displacement behavior free from higher-order 

oscillations is observed. The overall measured peak-peak deflection at the piston center at 

7kHz, Sp_p = 0.76/im, is within the expected range of 5p-p = 0.75 - 0.82/im. As was the case 

for Device 1, the deflection behavior under quasi-static driving conditions (see Figure 7.29) is 

Unear with the applied voltage. Overall, these results indicate that the incorporation of multiple 

piezoelectric cylinders spread out beneath the tethered piston is achievable. 
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Figure 7.23: Device 3 transfer functions of piston velocity versus frequency for a sweep input 
from lOkHz to 200kHz and small signal drive voltage 0V±25V: (a) averaged velocity over piston 
surface, and (b) velocity at center and edge locations on piston surface. Modal behavior is not 
present below 80kHz. Phase information was not recorded for this device. 
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Figure 7.24: Vibrometer scan images of selected Device 3 modal behavior above 70kHz: behavior 
at 73kHz and 89kHz. 
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Figm'e 7.25: Device 3 ANSYS finite-element model prediction for 1st mode shape at 225 kHz. 
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Figure 7.26: Vibrometer scan images of Device 3 low-firequency 15kHz displacement profile. 
Presence of multiple piezoelectric cylinders beneath piston serves to stiffen actuator structure 
and reduce tilting behavior. 

194 



(b) 

0.3 

J0.2 
f 0.1 

I    0 u 
t-0.1 
Q-0.2 

■0.3 

•0.4 

-0.5 

1 — Device 3 Piston Edge: 1 SkHz, 500V+-500V |     | 

....\ .....o.: 

&:!zf^::::i u \   :      / 90kHz: \          / 

=y::yW^^^ 
:                           :                           : 

0.1 
Time (ms) 

Figure 7.27: Device 3 displacement time histories for a sinusoidal drive voltage of 500V±500V 
at / = 15kHz: (a) piston center displacement and (b) piston edge displacement. Note the 
slight presence of a 90kHz oscillation in the edge displacement time history. 
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Figinre 7.28: Device 3 displacement time histories for a sinusoidal drive voltage of 500V±500V 
at / = 7kHz: (a) piston center displacement ajid (b) piston edge displacement. 

Device 3: Displacement vs. Voltage at 100Hz 

0.8- 

«0.6- 

E 

go- is 
13. m 
CIO. 

I             -1-       - ! — j   !     "   '     !               !               !               ! 

^J^---^^^^^ 
^^^-^^^^^^               \ 

\           i^^^^^'^t''^   ■. 
  500V-I-500V 
  400V-I-400V 
—- 300V-H-300V 
 200V-1-200V 
-— 100V+-100V 

^^^^^r^^. 
1                   1                  1                   1                  1                   r                   1                 H 1 '1 

100    200    300    400    500    600 
Voltage (V) 

700    800    900   1000 

Figure 7.29: Device 3 piston center displacement versus applied voltage at lOOHz. 
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7.5.2    2nd Generation Device 

Measurement of Fillet Radius Profiles 

As was performed for the Ist-generation drive element devices, careful inspection of the drive 

element tethers in Device 4 was also carried out. Since this device incorporates a double-layer 

piston structure, these inspections were performed prior to wafer-level Si-Si fiision bonding of 

the piston structure. For the lower piston tethers and upper piston tethers, fillet radii between 

25-35 nm (ie: tether widths between 180-200 /xm) were measured with no observable defects 

along the tethers, indicating excellent uniformity during the previous DRIE etching procedures. 

Characterization of Piezoelectric Material 

PZN-PT material similar to that in the Ist-generation drive element devices was used in Device 

4. As a result, the PZN-PT material squares were expected to produce voltage-deflection 

behavior in the same range as shown in Figure 7.10 (ie: peak deflections at lOOOF between 
1.35;im and 1.55/im). 

Experimental Testing of Device 4 

Figure 7.30(a) plots the transfer function of averaged velocity over the scanned piston siuface 

versus frequency for Device 4. Figure 7.30(b) plots these transfer frmctions for specific locations 

on the piston surface, at the center and at an outer edge. As shown in Figure 7.31, modal 

behavior begins near 50kHz and is characterized by non-symmetric tilting motion of the piston 

surface, most likely due to unsymmetric placement of the piezoelectric elements beneath the 

piston or diflFerences in material properties among the elements. A perfectly symmetric finite- 

element model of this device predicts 1st modal behavior (piston plunge) at 155kH2 and 2nd 

modal behavior (1-6 piston tilting) at 288kHz. 

For low-frequency actuation at 15kHz and at a voltage of lOOOV peak-peak, the drive ele- 

ment piston experiences minimal tilting (as shown in Figure 7.32), indicating a well-built and 

toleranced drive element device. The degree of piston tilting is illustrated more clearly in Figure 

7.33. The displacement time history at the piston center (Figure 7.33(a)) is very smooth with 

no higher order oscillations. Likewise, the displacement time histories at the piston edge loca- 

tions with maximum peak-peak motions (Figure 7.33(b)) are also completely free from higher 

order oscillations. In comparing the peak-peak deflections of these opposite piston edges, the 

magnitude of tilt is estimated to be ~ 4% of the piston center deflection. The piston center 

displacement {Sp-p = 1.41/im) correlates well with the expected range of 5p-p = 1.35 - 1.55/im. 

As was the case for the first generation drive element devices, the deflection behavior under 

quasi-static driving conditions is Unear with the apphed voltage. Figure 7.34 illustrates this 
voltage dependent behavior at lOOHz. 
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Figure 7.30: Device 4 transfer functions of piston velocity versus frequency for a sweep input 
from lOkHz to 200kHz and small signal drive voltage 0V±25V: (a) averaged velocity over 
piston surface, and (b) velocity at center and edge locations on piston surface. Modal behavior 
is present near 50kHz. Phase information was not recorded for this device. 
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Figure 7.31: Vibrometer scan images of selected Device 4 modal behavior between 45kHz and 
90kHz. 

15 kHz 

15 kHz 

Figure 7.32:  Vibrometer scan images of Device 4 low-frequency 15kHz displacement profile. 
This multiple piezoelectric cylinder device exhibits minimal tilting behavior at 15kHz. 
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Figure 7.33: Device 4 displacement time histories for sinusoidal drive voltage of 500V±500V at 
/ = 15kHz: (a) piston center displacement and (b) piston edge displacements. These results 
indicate a rigid well-toleranced device. 
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Figure 7.34: Device 4 piston center displacement versus applied voltage at lOOHz. 
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7.6    Conclusions 

This chapter has presented the development and testing of a variety of piezoelectric drive 

element devices. The results indicate that the incorporation of a single centrally-located piezo- 

electric element and the incorporation of multiple elements spread out symmetrically beneath 

single-layer and double-layer tethered piston structures can be performed in a repeatable and 

predictable fashion. Additionally, processing, tolerancing, and drilhng/dicing procedures of 

high performing PZN-PT elements, in addition to standard polycrystalline PZT-5H elements, 

have been proven. This drive element manufacturing capability serves now as a foundation 

for the development and assembly of the full active valve devices presented in the following 
chapters. 
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Chapter 8 

Sub-Component Study: Valve Cap 

and Membrane 

8.1    Objectives 

The purpose of this study was to evaluate the fabrication process flow of the valve cap and 

membrane sub-component structure, shown in Figure 8.1, and to experimentally characterize 

the deflection behavior of a series of these membrane structures to differential pressure loadings. 

Specifically, the three primary objectives of this study were: 

1. To demonstrate the capability to etch valve cap and membrane structures from siUcon- 

on-insulator wafers, with accmrate control over the fillet radii at the base of the etch. 

2. To experimentally characterize the pressure-deflection behavior of the valve cap and mem- 

brane structiures, and correlate these results to predictions from the structural models 

presented in Chapter 3 of this thesis. These structures are pressurized to significant levels 

at which non-linear large deformation behavior is expected. 

3. To provide sensitivity analyses on key geometric parameters such as membrane thickness 

and fillet radius size to provide an understanding of fabrication process variability on 

structural pressure-deflection behavior. 

Successful fabrication and experimental evaluation of these valve cap and membrane struc- 

tures enables the further assembly and testing of full active valve devices. 
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Figure 8.1: 2-D schematic of a valve cap and membrane structure: (a) deformation in response to 
a positive differential pressure, and (b) deformation in response to negative differential pressure. 

8.2    Device Test-Plan 

8.2.1    Geometry 

The valve cap and membrane structures fabricated for this study had the dimensions illustrated 

in Figure 8.2. No valve stop exists above the valve cap in the positive direction (unlike in the 

full active valve device where the fluid orifice is present) in order to facihtate measurement of 

the valve cap and membrane deflections from above. However, a valve stop in the negative 

direction, situated 15/xm below the underside of the valve cap, does exist. In response to 

positive differential pressures across the structure (creating positive valve cap deflections), the 

membrane is therefore unrestrained. In response to negative differential pressures, however, the 

valve cap deflection is limited to —Ibfim. 

1.400 mm 

6nm, 1' Valve Cap Deflection 

777777 

W 
300 Hffi>^: 

15 urn t   * 
Fillet '^ 
Radius 

500 (im 
777777' 

^    :'Va|veJiSt(i'- ^1 
777777777777777 

Figure 8.2: Dimensions of the fabricated valve cap and membrane structures: valve cap thick- 
ness = 300 nm, membrane thickness = 6 fim, valve cap diameter = 500 ^m, and valve membrane 
outer diameter = 1.4 mm. Fillet radii are shown in schematic. 
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8.2.2    Device Assembly 

As presented in Chapter 7, testing of the valve cap and membrane structure is enabled through 

fabrication and assembly of the test device illustrated in Figure 8.3. This device consists of 

LayersNl, N2, N3, 4, 5, 6, N7, N8, and N9. Layers 4, 5, and 6 are identical to those layers used in 

a full active valve device, however the remaining layers are substituted for the final active valve 

layers to provide measiurement access to the various components. Valve membrane deflection 

measurements are performed for applied gas pressure to the inside of the HAC chamber and to 

the top siurface of the valve cap and membrane. 

Displacement 
Measurement 

NQ 
N8 
N7 
6 
5 
4 

N3 
N2 
N1 

PHPR 
r- PHAC Gas 

/ 
_J_L_ '-P n,,.. 1 

^■^H'^ f~ '/'J^-H 

1       LJ          1"        ^ ^|— ht 
G 
^iT     '   -.V , . 
as 

. 

Gas 
"'^     ._| - 

f 

Control 
Ppiston = PHAC 

Figure 8.3: Valve cap and membrane sub-component structure. Gas pressure is used above and 
below the valve structure to obtain pressure-deflection measurements. 

8.2.3    Testing Procedure 

The valve membrane sub-component device was inserted into the fluids test-rig discussed in 

Chapter 7 for experimental testing. Gas pressure was independently regulated inside of the 

hydraulic amplification chamber (PHAC) and above the valve cap and membrane surface (PHPR) 

so as to provide either a positive or negative diflferential pressure across the valve cap and 

membrane structure. The pressure below the unrestrained drive element piston (Ppiston) was 

maintained at the same value as PHAC to ensure zero deflection of this structure, thereby 

minimizing its potential for breaking. Through glass Layer 9, the deflection of the valve cap was 

monitored using a laser vibrometer system. DiS'erential pressures firom -0.40 MPa to 0.40 MPa 

were imposed on the valve cap and membrane structures and resulting deflection measurements 

were obtained. 
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8.3    Theoretical Predictions 

In order to accurately predict the response of these valve membrane test structures to various 

pressure loadings, detailed modeling of the non-linear deflection behavior is requked. In addi- 

tion, sensitivity analyses on the membrane thickness and the fillet radius size are necessary to 

understand potential differences between predicted and experimental behavior. To accomplish 

these objectives, two parallel modehng procedures were implemented. The first procedure uses 

the numerical non-linear deflection code presented m Chapter 3 of this thesis to understand 

the effects of varying membrane thickness on the deflection behavior of the structure. Because 

this code is based on simplified plate theory, it does not include fiUet radii geometries. As a 

result, a second procedure is implemented to develop finite-element models of the valve cap 

and membrane structures, which incorporate fillet radius features. Through the use of both 

modeling procedures, thorough understanding of the experimental results can be obtained. 

8.3.1    1st Modeling Procedure: Numerical Non-linear Deflection Code 

The Matlab^^ codes, DAVE80200NLValveCaseA.m and DAVE80200NLValveCaseC.m (pre- 

viously discussed in Chapter 3 and included for reference in Appendix B), are combined to 

capture the behavior of the valve cap and membrane structure for positive and negative differ- 

ential pressure loadings. The results are discussed in the following sub-sections. 

Baseline Design Pressure-Deflection Behavior 

Figure 8.4 plots the valve cap deflection and maximum membrane tensile stress as a function 

of applied differential pressure firom -0.40 MPa to 0.40 MPa. Results for linear and non-linear 

theory are shown. In comparing these curves, it is clear that non-linear deformation theory 

is required for accurate prediction of the valve membrane structural behavior. For the peak 

positive differential pressure of 0.40 MPa, a valve cap deflection of 22.6 fim and corresponding 

maximum membrane stress of 1.06 GPa are predicted. Due to the presence of a valve stop in the 

negative direction, a valve cap deflection of -15 nm and a corresponding maximum membrane 

stress of 1.00 GPa are predicted for an applied differential pressure of-0.40 MPa. 

Sensitivity to Valve Membrane Thickness 

Although the valve cap and membrane structures tested in this study have measured membrane 

thicknesses between 6 urn and 7 fxm, these measurements are only accurate to within ±l/xm. As 

a result, it is important to predict the structural behavior over a range of membrane thickness. 

Figure 8.5 plots the valve cap deflection and maximum membrane tensile stress as a function of 

apphed differential pressure firom -0.40 MPa to 0.40 MPa for membrane thicknesses of 6 nm, 7 

fxm, and 8 fim. In comparison to predictions for the 6 /zm membrane (valve cap deflection=22.6 
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fj,m), the 7 fim membrane is predicted to deflect 20.8 fj,m (8 % difference), and the 8 fim 

membrane is predicted to deflect 19.6 fjtm (13 % difference) for an applied differential pressm'e 

of 0.40 MPa. The corresponding stresses also differ by similar percentages. Based on these 

predictions, variations in membrane thickness should not drastically effect structural behavior, 

although it is an important fabrication uncertainty to keep in mind. 

Sensitivity to Membrane In-Plane Prestress 

During fabrication procedures of the valve cap and membrane structures, the oxide above the 

membrane is stripped. Ideally, this procedure should eliminate any residual stress contcdned 

within the membrane structinre. However, other procedures, such as anodic bonding of device 

layers, could potentially create residual stresses along the valve membrane due to thermal ex- 

pansion mismatch between the silicon and pyrex layers. Calculations have indicated that these 

valve membrane structures will experience at most a residual tensile stress of 5 MPa for an 

anodic bonding temperature of up to 330C (50C above the ideal matched anodic bonding tem- 

perature of 280C) [1], a stress which has negligible effect on the stiffness of the valve membranes 

structures in response to pressure loading. As a result, since the anodic bonding procedures 

in this thesis are always carried out at 300C, these valve membranes should be free of residual 

tensile stress. 

8.3.2    2nd Modeling Procedure: Finite-element Code 

Finite-element models have been developed that incorporate flUet radius features along the 

inner and outer circumference of the valve membrane. Figure 8.6 displays a mesh of the valve 

cap and membrane geometry, with detailed focus on the meshing grid around the fillet radius 

features. In this figure, the fillet radius has size 30/im. Figure 8.7 shows a representative stress 

contour plot of the structure when subjected to a positive differential pressure of 0.30AfPa. 

Sensitivity to Fillet Radius Size 

Using these finite-element models, valve cap defiection and maximum membrane stress plots as 

a function of varying fillet radius are acquired, as shown in Figure 8.8. The fillet radius at the 

inner and outer valve membrane circumference is varied to be 15 fim, 30 pm, 45 pm, and 60 fim. 

As evidenced in the plots, an increase in the fillet size serves to stiffen the overall membrane 

structure, resulting in reduced valve cap deflections. For example, for an applied differential 

pressure of 0.40 MPa, the valve cap with fR=15^m experiences a deflection of almost 23 pm 

whereas the valve cap with fR=60/im experiences a defiection of approximately 20 fim. The 

maximum membrane stress curves follow a similar pattern.  In the valve cap and membrane 
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experiments discussed later in this chapter, careful inspection of the membrane fillet radii is 

performed prior to testing to enable understanding of the structural behavior. 

Note on Theoretical Predictions 

The presence of a fillet radius along the valve membrane inner and outer membrane surfaces 

clearly has an efiect on the structural stiffness, as evidenced in comparing Figures 8.5 and 8.8. 

For very small fillet radius sizes, these features act as stress concentrations. As such, the finite- 

element modek with small fillet radii predict stresses significantly larger than those predicted by 

the numerical code (which includes no effect of fiUet radii). Conversely, the finite-element models 

with large fillet radii predict smaller stresses than those predicted by the numerical code, mamly 

because the fillet structure actually results in a stiffening of the membrane and a subsequent 

reduction in the deflection magnitude of the valve cap. The fillet radii features present on 

the fabricated valve membrane structures discussed in the following experimental section were 

able to be controlled to within 35 - 50/iTn, a range which is characterized by reasonably good 

correlation between finite-element and numerical pressure-deflection predictions. As such, when 

comparing experimental pressure-deflection behavior with theory in the following section of this 

chapter, the numerical predictions will be used. 

208 



B 
<D 

(D 
o 
Q. 
(0 o 

25 

20 

15 

10 

5 

0 

-5 

-10 

-15 

-20 

-25 
-0 

(a) Valve Cap Deflection vs. Applied Differential Pressure 
1 1                 1                 1                 1                 1                 1 

  Non-Linear 
- — Linear 

:      »         :                                                  __ 
.                             .   ^^-—-^'**'- 

:    /           :     ^.--^''''^ 

Y    .:          ; 
\          \          \          f        \          \          \ 

\        I 
// ;                1                i                :' 

L/^    '   : 

1                       i                       1                       i                       1                       1                       f 
-0.3 -0.2 -0.1 0 0.1 

Pressure (MPa) 
0.2 0.3 0.4 

1.2 

1   ' 
2. 
m 
io.8 

OT 
E 
I 0.6 

?0.4 
XI 
E 
ID 
2 0.2 

(b) Valve Membrane Maximum Stress vs. Applied Differential Pressure 

-0.4 -0.3 -0.2 -0.1 0 0.1 
Pressure (MPa) 

:    /            : 
:                 :   '             : 

 Non-Linear 
— Linear : / y 

:'                          >/  ■ 

>>s. i  n A   \ 

Y     :    //      : 
\  ': if 

V             1              1               1 
0.2 0.3 0.4 

Figure 8.4: Baseline valve cap and membrane design -^ r^c = 250/im, r„r„ = 700/im, t^m = 
6/im: (a) valve cap deflection vs. applied differential pressure, and (b) maximum stress in valve 
membrane vs. applied differential pressure. Note: valve stop present at —15/im. 
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Figure 8.5: Sensitivity of baseline valve cap and membrane design to variations in valve mem- 
brane thickness -^ r„c = 250/im, r„„ = 700^m, tym = [6/um,7Atm,8/im]: (a) valve cap deflec- 
tion vs. applied difierential pressure, and (b) maximum stress in valve membrane vs. applied 
differential pressure. Note: valve stop present at -15/um. 
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Figure 8.6: Finite-element mesh (ANSYS^^) of valve cap and membrane structure: (a) full 
view of 2-D axisymmetric model, (b) close-up view of membrane, (c) close-up view of inner 
fillet radius, and (d) close-up view of outer fillet radius. 
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Figure 8.7: Finite-element stress contours resulting from applied differential pressure loading 
of O.SOMPo. Fillet radii in model are fR = 30/im. Peak tensile stress (0.868 MPa) occurs at 
base of fillet radius along outer membrane circumference. 
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8.4    Experimental Results 

Three representative valve cap and membrane sub-component structures (referred to as Valve 

Membrane 1, Valve Membrane 2, and Valve Membrane 3 in subsequent discussions) were exper- 

imentally tested to validate structural behavior. Prior to testing and before die-level bonding 

of Stack 4-5-6 to Stack N7-N8-N9, inspection of the valve membrane fillet radii in Layer N7 was 

performed. This section details these inspections, as well as the experimental pressure-deflection 

results for each of these membrane structures. 

8.4.1 Fillet Radius Inspection 

Each of the three representative valve membrane structures was inspected for the presence of 

defects along the etched membrane and for consistency in fillet radius size. Valve Membrane 

1 possessed a consistent fillet radius size of 45-50 fj,m and no defects along the membrane. 

Valve Membrane 2 possessed a consistent fillet radius size of 40-50 /um and no defects along 

the membrane. And similarly, Valve Membrane 3 possessed a fillet radius size of 35-40 urn and 

no defects along the membrane. Overall, these three valve membrane structiures well represent 

the majority of etched valve membrane structures in their fillet radius consistency and lack of 

defects. 

8.4.2 Pressure-Deflection Results 

In order to determine the pressure-deflection behavior of these valve membrane structures, a 

pressure time history was imposed on the structure using a valve and pressure sensor set-up 

and the valve cap deflection was measured using a laser vibrometer system. Figure ?? overlays 

the pressmre-deflection results for Valve Membranes 1, 2, and 3 with the structural predictions 

for tvm — 6^"^ and i„m = 7/im presented previously. Overall, all three membrane structures 

correlate well with each other and with predictions. Note that the valve membrane stops vary 

between -15 and -16 urn due to non-uniform etch depths during fabrication. 
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Figure 8.9: Valve cap and membrane experimental pressure-deBection results compared to 
theoretical expectations. The three representative valve cap and membrane structiu-es correlate 
well with each other and with predicted behavior. Note that valve stops vary between -15 and 
-16 nm due to non-uniformity in etching these features. 

8.5    Conclusions 

This chapter has presented successful correlation between valve membrane structural behav- 

ior and modeling predictions. Representative valve membranes that possessed consistent fillet 

radius profiles around the membrane and the absence of any significant etch defects were ex- 

perimentally characterized. Pressure-deflection results correlate extremely well with predicted 

behavior obtained using finite-element models and the non-linear deformation code presented 

in Chapter 3. Overall, this chapter has verified that these valve membrane structures can be 

consistently fabricated for use in full active valve devices, and that these structures exhibit 

expected pressure-deflection behavior. 
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Chapter 9 

Active Valve Testing 

9.1    Objectives 

The purpose of this testing study was to evaluate the quasi-static and dynamic structural 

performance of the complete active valve device and to determine its limitations in regulating 

the flow of fluid against imposed differential pressures. Specifically, the four primary objectives 

of this study are: 

1. To understand the dynamic behavior of the active valve device and to determine the range 

of driving frequency for which the valve behaves in a quasi-static manner. In essence, this 

goal focuses on locating the resonant frequencies of the structure. The effect of having or 

not having fluid present in the flow channel above the valve cap and membrane on the 

onset of valve resonant behavior is determined. 

2. To evaluate the amplification ratio of the active valve structure under a variety of voltage 

levels and internal and external bias pressures for a driving frequency below resonance 

to ensure quasi-static operation. This is accompUshed by measuring the drive piston and 

valve cap deflections under conditions that force the valve cap through its full stroke of 

operation, including interaction with the valve stops above and below the valve cap. 

3. To characterize the differential pressure-flow rate curves for the valve cap and orifice 

geometry of the active valve device. This is accomplished by measuring an average fiuid 

fiow rate through the valve orifice as a function of valve cap opening downward from the 

upper valve stop. Motion of the valve cap through its stroke is controlled at a very slow 

rate to achieve quasi-static measurements of flow rate at given valve openings. 

4. To characterize the dynamic capability of the active valve structure in regulating fluid 

flow against a preset differential pressure across the valve at a driving frequency below 

resonance to ensure quasi-static operation. Successful operation of the valve structure in 
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this manner proves its capabilities as a flow regulation device. A further goal is to identify 

the Umiting differential pressures against which the active valve can function. 

9.2    Device Test-Plan 

9.2.1 Geometry 

A schematic of the fabricated active valve device is illustrated in Figure 9.1. The device in- 

corporates three PZN-PT piezoelectric square elements (each with cross-sectional area 1.06mm 

X 1.06mm) beneath a double-layer tethered piston structure. The top and bottom tethers of 

the piston are each 250/iTn in width and each have a thickness of 8/^m. A valve cap and mem- 

brane structure is positioned above the hydraulic amplification chamber, with a structural stop 

(formed by the glass Layer 6 within the HAC chamber) ~ 16.5/im below the equiUbrium posi- 

tion of the valve cap. Glass Layer 6 contains a series of "HAC through-holes" and "HAC radial 

channels" to carry the fluid from the lower to upper portion of the HAC chamber. The valve cap 

has a diameter of 500 nm and the valve membrane has an outer diameter of 1400 ^m. A valve 

orifice is located ~ 16.5/xm above the valve cap equilibrium position. The orifice has an inner 

diameter of 450/im. The drive element piston structure is consistent with the 2nd-generation 

drive element devices (except for the use of slightly reduced-area square piezoelectric elements) 

fabricated and tested as part of the drive element sub-component study detailed in Chapter 

7. In addition, the valve cap and membrane structure is consistent with the valve structures 

fabricated and tested as part of the valve cap and membrane sub-component study detailed in 
Chapter 8. 

9.2.2 Plan of Study 

As detailed in the introduction to this chapter, the characterization of each active valve device 

was carried out through a series of four experimental testing studies. The first two studies 

focus on the dynamic and quasi-static behavior of the active valve structure, while the second 

two studies focus on the fluid flow regulation capability of the structure. In evaluating these 

objectives, numerous active valve devices were built. Two of these devices are covered in detail 

in this chapter (and thesis). The first active valve device (subsequently referred to as device 

AVI) successfully made it through the majority of all four testing studies. It failed during an 

experiment to determine its limitations in regulating high pressure flows. The second device 

(subsequently referred to as device AV2) broke during completion of the first two studies, and 

as a result, no flow regulation data was taken for this device. A discussion of this failure is 

described in the chapter. This chapter is organized into two primary sections, in accordance 

with these experimental testing studies. The first section details the results of the dynamic and 
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Figure 9.1: Dimensions of active valve devices AVI and AV2. Three square PZN-PT elements 
are incorporated beneath a double-layer tethered piston. A valve cap and membrane structvu-e 
interacts vsrith the fluid orifice structure at Z„c = -l-16.5/im and with the glass Layer 6 structure 
within the HAC chamber at Z^c = -16.5/im. In the lower figure, only geometries beneath the 
valve cap structure (ie: beneath Layer 7) are detailed. 

quasi-static active valve testing studies (for both device AVI and device AV2), and the second 

section covers the valve flow regulation studies (for device AVI). 
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9.3    iExperimental Testing Section 1:   Active Valve Structural 
Performance 

9.3.1    Testing Section 1: Active Valve Structural Performance 

To characterize the frequency dependant behavior of each active valve device, the following tests 

were performed. A low-voltage {0V±5V) sweep signal from 500Hz to lOOkHz was applied to the 

piezoelectric drive element structure. The corresponding valve cap and piston displacements 

were measured using a laser scanning vibrometer system. The effect of bias pressure (ie: PM,,, = 

PHAC = PI = Pa, where PMOJ > 0), up to 500 kPa, on the frequency response of the active 

valve device was evaluated. Additionally, higher-voltage (up to 6Q0Vpp) sweep signals were 

applied over a lower range of frequency from 500Hz to 3kHz to evaluate the valve cap and 

piston behavior in a range of quasi-static frequencies below resonance. 

To characterize the quasi-static behavior of each active valve device, a series of tests was 

run at a chosen frequency of operation (ie: IkHz for these tests) sufficiently below the resonant 

frequency to ensure quasi-static structural behavior. The eflFects of increasing voltage and 

increasing bias pressure on the device amplification ratio were determined. Additionally, the 

capability of the device to open and close the valve cap against the fluid orifice was evaluated. 

Active Valve Device AVI 

Figures 9.2 through 9.7 display the structural testing results for active valve device AVI. Figure 

9.2 plots the valve cap frequency response from 500Hz to lOOkHz for an applied low-voltage 

sweep signal of OV ± 5V under the condition that silicon oil is not present above the valve cap 

and membrane structure and under the condition that silicon oil is present above the valve 

cap and membrane structure. These tests were performed with P«Q, = 500fcPa to ensure that 

cavitation of the fluid within the HAC did not occur. Without oil, the resonant frequency of the 

structure is lOkHz. With oil, this frequency drops to slightly less than 5kHz. This reduction 

is due to the added mass of the fluid on the top surface of the valve cap and membrane. It is 

interesting to notice the presence of numerous resonant peaks (at 6.5kHz and 8kHz), in addition 

to the primary resonant peak at 5kHz, for the response with oil. Without oil, no additional 

resonant behavior is observed beyond the primary lOkHz resonance until approximately 40kHz. 

The additional peaks in the response with oil present are most likely a result of fluid-structure 

interactions between the oil and the experimental test-jig flow tubes external to the device or 

between the oil and the flow channels internal to the device. Pressure waves could be interacting 

within these channels and affecting the valve behavior. Additionally, the primary resonant peak 

of the response (at 5kHz) with oil above the structure is not as sharp as that without oil, due to 

the increased damping introduced by the fluid within the system. Based on the experimental 
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resonant peak amplitude, in comparison to expected behavior determined from the active valve 

model described in Chapter 5, the damping ratio of this structure is estimated to be 0.16. 

Figure 9.3 overlays the frequency response of the drive element piston with that of the valve 

cap, for the case in which oil is present above the valve structure at the same operating con- 

ditions as previously described. The piston response exhibits the same resonant peak behavior 

as the valve cap response. The increase in piston displacement ampUtude at frequencies below 

IkHz is due to measurement limitations in the vibrometer system (essentially the magnitude 

of the measured velocities and displacements are of the same order as the noise floor of the 

system). The results indicate that the amplification ratio of the valve device is steady (between 

40x-50x) over the range of frequencies below resonance. 

Figure 9.4 plots the low-voltage valve cap frequency response from 500Hz to lOOkHz for 

a varying bias pressure from Puas = lOOkPa to Pbias = 500kPa. For the PZN-PT mate- 

rial integrated within these valve devices, material testing results by Lin [1] indicate that the 

piezoelectric material strain capability degrades near a compressive stress of lOMPa. For the 

geometry of these active valve devices tested, a bias pressure of Pbtas = SOOfcPo correlates 

to a compressive stress on the piezoelectric squcire elements beneath the piston of approxi- 

mately 6.1MPa. These bias pressure tests therefore evaluate whether degradation occurs up to 

6.1MPa. Higher bias pressure tests were to be performed following the completion of all four 

major testing sections. Clearly from the results, a variation in Pbias from lOOkPa to 500kPa has 

no noticeable effect on the frequency response of the structure. Again, the upper hmit to P^ias 

was not evaluated until all other experimental tests on the active valve device were completed, 

for safety reasons, to minimize potential breakage of the device. 

Each of the previous frequency sweeps was carried out with the valve cap and membrane 

structure at its equiUbrium position (zero defection upward or downward) by ensuring that the 

pressures above the valve cap and membrane structure (Pi and P2) were identical to the pressure 

within the hydraulic amplification chamber (PHAC)- Under these conditions, in order to close 

the valve cap against the valve orifice {+16.5nm above this equilibrium position) diuring quasi- 

static sinusoidal operation, a large voltage on the piezoelectric drive element could be required. 

Another potential way of operating the active valve device to ensure that the valve cap can close 

against the valve orifice for lower operating voltages is to impose a differential pressure (referred 

to as APvc,vm — PHAC — -Pi) where Pi = P2 for example) across the valve cap and membrane 

structure to create a positive offset deflection of the valve cap about which oscillation can then 

occiu:. This method reduces the overall stroke of the valve cap (due to the non-linearity of the 

valve membrane - see next paragraph), but ensures valve closure against the orifice. To evaluate 

this alternative operation concept on the resonant behavior of active valve device, additional 

low-voltage frequency sweeps were carried out with AP^cvm = 20kPa and AP„c,um = 50fcPa, 

which produce offset valve cap displacements of Z„c ~ +6fim and Zyc ~ -l-10/um respectively. 
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Figure 9.5 compares the results. 

With increasing offset displacement of the valve cap above its equilibrium position, the 

effective stiffness of the valve membrane structure for low-voltage (and therefore low amplitude) 

oscillations should increase since the membrane moves into its large-deflection regime. As a 

result, one would expect the resonant peak to shift to a increased frequency (due to the higher 

stiffiiess) and the magnitude of this peak to be reduced (also due to the higher stiffness). As 

shown in Figure 9.5(a), both of these results are clearly observed. As AP^c,vm is increased 

from OkPa to 20kPa to 50kPa, the resonant peak increases from ~ 5kHz to ~ 6kHz to ~ 

6.5kHz, respectively. Additionally, the valve cap oscillation amplitude decreases from ~ 4/jm 

to ~ 1.6/^m to ~ 0.8/zm for this increase in AP„c,t;m- This ampUtude reduction is most clearly 

seen in Figure 9.5(b), which plots the amplitude on a linear scale. High-voltage quasi-static 

active valve operation under these differential pressure conditions is discussed further in the 

later half of Testing Section 1. 
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Valve Cap Frequency Response: P..   = SOOkPa, Voltage = 0V+-5V 
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Figure 9.2: Device AVI low-voltage (OF ± 5V) valve cap frequency response from 500Hz to 
lOOkHz, with and without oil present above the valve structure. The bias pressure in these 
tests was maintained at Pbtas = BOOkPa. The presence of oil in the flow channel above the 
valve cap creates an added mass that reduces the resonant frequency from lOkHz to 5kHz. 
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Valve Cap and Piston Frequency Response: Fluid Above Valve Cap, P    = SOOkPa, Voltage = 0V+-5V 
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Figure 9.3: Device AVI low-voltage (OF ± 5V) piston and valve cap frequency responses from 
500Hz to lOOkHz, with oil present above the valve structure. The bias pressure in these tests 
was maintained at Pbia, = BOOkPa. An amplification ratio between 40x-50x is observed for 
frequencies below resonance. 
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Valve Cap Frequency Response: Fluid Above Valve Cap, Voltag e = 0V+-5V 
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Figure 9.4: Device AVI low-voltage valve cap frequency responses from 500Hz to lOOkHz, for 
varying Pbias- Results indicate that frequency behavior is not affected by an increase in bias 

pressure from Pinas = lOOkPa to Pbias = SOOfcPa. 
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(a) Valve Cap Frequency Response: Fluid Above Valve Cap, Vo rtage = 0V+-5V (LogLog Plot) 
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Figure 9.5: Device AVI low-voltage valve cap frequency responses from 500Hz to lOOkHz, 
for varying differential pressure applied to valve cap and membrane structure. For increasing 
differential pressure AP„c,«m across valve cap and membrane, the resonant peak shifts upward 
and the valve cap vibration amplitude decrease. These phenomena are due to the membrane 
stiffening as it is forced higher into its large-deflection regime. 
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A series of tests was also run on active valve device AVI to characterize the high-voltage 

frequency response of the structure for a range of frequencies below resonance. Since the 

resonant peak of this device is present at 5kHz, a range was chosen to include 500Hz to 3kHz. 

Figure 9.6 plots the valve cap frequency response from 500Hz to 3kHz for a series of increasing 

drive voltage levels from 50Vpp to 600Vpp, all with Pnas = 500kPa. At the lower voltage drive 

levels, the valve cap deflection amplitude is essentially constant over these frequencies. As the 

voltage is increased, regions of increased valve cap deflection appear near 1.7-1.9kHz. This 

frequency value is approximately | of the low-voltage resonant frequency of the active valve 

device. This region, therefore, is a result of sub-harmonic excitation of the device. Figure 9.7 

plots the valve cap versus piston deflection amphtude over this frequency range for an appUed 

voltage of 600Vpp. In comparing these frequency responses, the amplification capabilities of the 

active valve device is evident. Figure 9.7(a) plots these curves on a logarithmic amplitude scale, 

and Figure 9.7(b) plots the curves on a hnear amplitude scale. Over this range of frequencies, 

the amplification ratio is between 40x-50x. 

Valve Cap Frequency Response: Fluid Above Valve Cap, Pj.   = SOOkPa 

1.5 2 
Frequency (kHz) 

Figure 9.6: Device AVI valve cap frequency responses from 500Hz to 3kHz, for Pnas = 500fcPo 
and increasing high voltage drive levels. Harmonic excitation behavior near ~ 1.7 — 1.9kHz 
becomes evident as voltage levels are increased (ie: as valve membrane structure moves further 
into its non-linear large-defiection regime). 
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(a) Valve Cap and Piston Frequency Response: Fluid Above Va Ive Cap, P    = SOOkPa, Voltage = 300V+-300V 
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Figure 9.7: Device AVI high-voltage piston and valve cap frequency responses from 500Hz to 
3kHz, for Pfcias = SOOfcPa. Amplification of active valve device is consistent between 40x-50x 
over this range of frequency. 
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The previous frequency sweep experimental tests found the resonant frequency of device AVI 

to be ~ 5kHz. In order to evaluate the quasi-static performance of the structure under the 

larger drive voltage levels at which the valve was designed to operate, a frequency of operation 

of IkHz was chosen. All subsequent structural testing was performed at this frequency. Figure 

9.8 plots the valve cap and piston displacement time histories, respectively, over a range of 

applied voltages from 50Vpp to 600Vpp. In Figure 9.8(a), the dotted hnes at +16.5/xm and 

—16.5/im indicate the position of the upper and lower valve stops, respectively. For an applied 

voltage of 50Vpp, the response of the valve cap is purely sinusoidal. As the voltage is increased 

to 600Vpp, the resulting valve cap displacement time history contains small amplitude higher 

frequency (~ 5kHz) oscillations due to the non-Unear natiure of the valve membrane structure. 

These oscillations become more pronounced as the voltage is increased. In Figure 9.8(b), the 

drive element deflection time histories are somewhat rough in nature due to the noise level of 

the measurement system. As the deflections increase in ampUtude, the effect of this noise floor 

diminishes. 

Figure 9.9 takes these deflection time histories (at Pi^as = 500kPa), and plots the valve cap 

peak-peak displEicement, piston peak-peak displacement, and corresponding device amplifica- 

tion ratio as a function of applied voltage to the piezoelectric drive element. The amplification 

ratio is observed to decrease from 49 to 41 with increasing voltage. This decrease is a result of 

increased pressurization within the HAC chamber due to the increase in the valve membrane 

stiffness, and therefore increased deformation of the structure and fluid within the chamber, 

for increased voltage. In essence, as the voltage is increased, a smaller percentage of the drive 

element swept volume is transferred to the valve membrane since more volume is lost in cham- 

ber compliances. Overall, as will be detailed in the model correlation part of Testing Section 1, 

this range of amplification ratio correlates extremely well with the expected range based on the 

models developed in the first half of this thesis. These tests were also performed under decreased 

bias pressures, and these results are additionally presented in Figure 9.9. For decreased Puas, 

the valve cap and piston deflections slightly increase, most hkely due to better performance of 

the piezoelectric material under lower loading. As expected, however, the amplification ratio is 

not affected by the reduced bias pressure. 
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(a) Valve Cap Motion: Fluid Above Valve Cap, P     = SOOkPa, Frequency = 1 kHz 
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Figure 9.8: Device AVI valve cap and piston deflection time histories for IkHz sinusoidal drive 
voltage levels. As voltage is increased, small amplitude 5kHz oscillations appear in deflection 
responses. A voltage of 600Vpp is not sufficient to close valve cap against the valve orifice. 
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Figure 9.9: Device AVI valve cap peak-peak motion, piston peak-peak motion, and device 
amplification ratio as a function of IkHz sinusoidal drive voltage levels. Due to non-linear 
stiffness of the valve membrane structure, the amplification ratio decreases from ~ 50a; to 
~ 40x as the drive voltage is increased to 600Vpp. 
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In the previous tests at IkHz, applied voltages were limited to 600Vpp to minimize the 

potential for device failure (due to stresses in drive element tethers - see the AV2 testing part 

of Testing Section 1 for an explanation). As a result, the valve cap never was able to close 

against the valve orifice. In order to observe valve closing and verify that the valve membrane 

is able to withstand these deflection magnitudes during dynamic operation, a series of tests 

was performed whereby a differential pressure of P„e,«m = 50kPa was applied across the valve 

cap and membrane to deflect it to an ofiiset position of ~ +10fim. Voltages from 50Vpp to 

eOOVpp were then applied to evaluate closing behavior. Figure 9.10 plots the resulting valve 

cap deflection time histories. Notice that applied voltages of SOOVpp and 600Vpp successfuUy 

force the valve cap closed. Since the valve membrane is offset into its large deflection regime, 

the higher voltage deflection time histories become non-symmetric about this offset deflection. 

Additionally, the rounded nature of these curves as the cap hits the upper valve stop (valve 

orifice) indicates that squeeze-film damping may be playing a positive role in damping out 

potential vibrations due to high velocity impact of the valve cap on the valve stop. 
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Valve Cap Motion: Fluid Above Valve Cap, P^^=350kPa, P,=P2=300kPa, Frequency = 1kHz 

E 
3 

E 

  300V+-300V 
 1 1  

  250V+-250V 
200V+-200V 

  150V+-150V 

          ..                  ■ 

/■      \\ 

-   - 100V+-100V  ^  .; •. —V\. Jncrea^g Voltage .^ 
  50V+-50V /                   \\/                    1 
  25V+-25V /   /^^\    M                          / 

1.5 
Time (ms) 

Figure 9.10: Device AVI valve cap peak-peak motion, piston peak-peak motion, and device 
amplification ratio as a function of IkHz sinusoidal drive voltage levels, with P^cvm = 50kPa. 
As the valve cap impacts the orifice stop, squeeze film damping may be aiding to damp undesired 
structural vibrations. 

Overall, these series of low-voltage frequency sweep tests and higher-voltage quasi-static 

IkHz tests have proven that active valve device AVI successfully operates as a piezoelectricaUy- 
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driven hydraulic amplification microactuator structure. The series of tests detailed in Testing 

Section 2 will evaluate its capability to regulate fluid flow at high-frequency. 

Evaluation of Device AVI High-Frequency Channel The experimental data for device 

AVI described in the previous sections was teiken using the micromachined high-frequency 

channel (detailed in Chapter 6) as a means to control the static pressure PHAC within the 

hydraulic amplification chamber, yet also to allow dynamic pressure fiuctuations within the 

chamber created by piezoelectric actuation of the drive element. This channel, located between 

the HAC chamber and the external pressure port in the device, was designed to have a length of 

1mm, a width of 10/im, and a height of 10/xm. Although the previous set of data clearly indicates 

that this high-frequency channel must be satisfying its objective, the specific Umitations of the 

channel are not clear. In an efibrt to evaluate the lower-limit frequency at which fluid begins to 

leak out of this channel during the positive stroke of the drive element actuation cycle, a series 

of tests for varying applied voltage to the piezoelectric elements were carried out. 

In each test, the valve cap displacement amplitude was measured for an applied piezoelec- 

tric sinusoidal voltage (lOOVpp, 200Vpp, and 400Vpp) over a frequency range from IkHz to 

O.lHz. Figure 9.11 plots the valve cap displacement amplitude as function of frequency for these 

different applied voltage levels. Overall, the results indicate that this high-frequency channel 

behaves as a low pass filter with ~ 1% reduction in performance at a frequency of ~ 1 — 2Hz. 

These experimental results correlate quite well to the conservative channel design procedure 

(detailed in Chapter 6) in which a 1% reduction in performance was estimated to occur at a 

frequency of 48Hz. As a result, during actuation of the active valve at the desired frequencies in 

excess of 500Hz, the channel allows negligible fluid volume to move into and out of the hydraulic 

amplification chamber. 

Figure 9.11: Experimental verification of the high-frequency channel in device AVI. The chan- 
nel, with a length of 1mm, a width of lO/xm, and a height of 10/xfn, successfully restricts fluid 
flow from the chamber during cyclic actuation down to a cutoff frequency near IHz. 
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Active Valve Device AV2 

This section documents the frequency response characteristics and quasi-static operational ca- 

pabilities of active valve device AV2. The tests performed were identical to those carried out 

for device AVI. As such, only selected plots are included in this section. The overall objective 

of this section is to demonstrate that both devices behave in the same manner. As a result, 

a conclusion can be made that repeatability in fabricating and assembling these devices is 
excellent. 

Figure 9.12 plots the valve cap frequency response from 500Hz to lOOkHz for an applied 

low-voltage sweep signal of OF ± W under the condition that silicon oil is not present above 

the valve cap and membrane structure and under the condition that silicon oil is present above 

the valve cap and membrane structure. As for device AVI, these tests were performed with 

Pbia, = bOOkPa to ensure that cavitation of the fluid within the HAC did not occur. Without 

oU, the resonant frequency of the structure is evident at 10.5kHz. With oil, this frequency drops 

to slightly less than 5kHz. These results are essentially the same as those found for device AVI. 

Figure 9.13 plots the valve cap frequency responses under these voltage sweep signal mputs 

for a varying bias pressure. Clearly from the results, a variation in Pwa, from lOOkPa to 500kPa 

has no noticeable effect on the frequency response of the structure. 

Figure 9.14 plots a series of valve cap frequency responses from 500Hz to 3kHz for increasing 

drive voltage levels from 50Vpp to 500Vpp, all with P„„, = 500fcPa. As was observed for device 

AVI, as the voltage is increased, regions of increased valve cap deflection appear near 1.7-1.9kHz. 

This frequency value is approximately i of the low-voltage resonant frequency of the active valve 

device. This region, therefore, is a result of sub-harmonic oscillations of the device. Figure 9.15 

plots the valve cap versus piston deflection amplitude over this frequency range for an applied 

voltage of 500Vpp. In comparing these frequency responses, the amplification capability of 

the active valve device is evident. Figure 9.15(a) plots these curves on a logarithmic ampUtude 

scale, and Figure 9.15(b) plots them on a Unear ampUtude scale. Over this range of frequencies, 

the ampUfication ratio is in the range of 40x-50x, an identical result as for the amplification 
ratio found for device AVI. 

In order to evaluate the quasi-static performance of device AV2, a frequency of operation 

of IkHz was chosen. Figure 9.16(a) and (b) plot the valve cap and piston displacement time 

histories, respectively, over a range of applied voltages from 50Vpp to 900Vpp. In Figure 

9.16(a), the dotted lines at -|-16.5/xm and -16.5/im indicate the position of the upper and lower 

valve stops, respectively. For an applied voltage of 50Vpp, the response of the valve cap is 

purely sinusoidal. As the voltage is increased to 900Vpp, the resulting valve cap displacement 

time history contains significant higher frequency (~ 5kHz) oscillations due to the non-hnear 

nature of the valve membrane structure. These oscillations become more pronounced as the 

voltage is increased.   In the chronology of the testing procedure for devices AVI and AV2, 
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device AV2 was tested before device AVI was tested. During testing of device AV2, voltage 

was increased to lOOOVpp. At this voltage level, the drive element piston tethers broke and 

silicon oil leaJced out of the HAC chamber. Data was therefore only able to be taken on the 

valve cap behavior up to 900Vpp and on the piston behavior up to SOOVpp. This is the reeison 

that device AVI was tested only up to 600Vpp (see previous section). 

Figure 9.17 takes these deflection time histories (at Pbias = SOOfcPa), and plots the valve cap 

peak-peak displacement, piston peak-peak displacement, and corresponding device amplifica- 

tion ratio as a function of applied voltage to the piezoelectric drive element. The amplification 

ratio is observed to vary firom 40x to 50x, mainly decreasing with increasing voltage. As for 

device AVI, this decrease is a result of increased pressurization within the HAC chamber, and 

therefore increased deformation of the structure and fluid within the chamber, for increased 

voltage. In essence, as the voltage is increased, a smaller percentage of the drive element swept 

volume is transferred to the valve membrane since more volume is lost in chamber compliances. 

Overall, however, this range of amplification ratio correlates well with the expected range based 

on the models developed in the first half of this thesis (see Model Correlation part of Testing 

Section 1). 

Piston failure in device AV2 is attributed to the fact that, although the drive element tethers 

were designed to have a thickness of 8fj,m, their measured thickness was closer to 6/^m. As a 

result, under the calculated pressure loading of ~ JQOkPa (corresponding to drive voltage of 

lOOOV and Pbias = 500fcPa), the drive element tethers were expected to experience a stress 

approaching IGPa, a value which is taken as a limit for the structural integrity of the silicon 

membrane structures [2]. Future drive element piston structures incorporate tethers which have 

a thickness of 8fxm. Although the complete series of tests that were performed on device AVI 

were not able to be carried out on device AV2, the test results documented in this section 

indicate that this valve device also successfully operated as a piezoelectrically-driven hydraulic 

amplification microactuator structure. 
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Figure 9.12: Device AV2 low-voltage (QV ± 5V) valve cap frequency response from 500Hz to 
lOOkHz, with and without oil present above the valve structure. The bias pressure in these tests 
was maintained at Ptia, = 500fcPa. The presence of oil in the flow channel above the valve cap 
creates an added mass that reduces the resonant frequency from 10.5kHz to 5kHz. 
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Valve Cap Frequency Response: Fluid Above Valve Cap, Voltag e = 0V+-5V 
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Figure 9.13: Device AV2 low-voltage valve cap frequency responses from 500Hz to lOOkHz, for 
varying Pbias- Results indicate that frequency behavior is not affected by an increase in bias 

pressure from Phias = lOOkPa to Pbias — 500kPa. 
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Valve Cap Frequency Response: Ruld Above Valve Cap, P     = 500kPa 

1.5 2 
Frequency (kHz) 

Figure 9.14: Device AV2 valve cap frequency responses from 500Hz to 3kHz, for P^ia, = bOOkPa 
and increasing high voltage drive levels. Harmonic excitation behavior near ~ 1.7 - IMHz 
becomes evident as voltage levels are increased (ie: as valve membrane structure moves frui;her 
into its non-linear large-deflection regime). It is unknown why the valve cap displacement dips 
downward between 500Hz and 2.5kHz for the voltage drive levels of 50Vpp and lOOVpp. 
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Figure 9.15: Device AV2 high-voltage piston and valve cap frequency responses from 500Hz to 
3kHz, for Puas = 500fcPo. Amplification of active valve device is consistent between 40x-50x 
over this range of frequency. 
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Valve Cap Motion: Fluid Above Valve Cap, P     = SOOkPa, Frequency = 1 kHz 

1.5 
Time (ms) 

Piston Motion: Fluid Above Valve Cap, P     = SOOkPa, Frequency = 1 kHz 

1.5 
Time (ms) 

Figure 9.16: Device AV2 valve cap and piston deflection time histories for IkHz sinusoidal drive 
voltage levels. As voltage is increased, small amplitude 5kHz oscillations appear in deflection 
responses. A voltage of 900Vpp is not sufiicient to close the valve cap against the valve orifice. 
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Valve Cap Voltage Dependance: Fluid Above Valve Cap, P^.   = SOOkPa, Frequency = 1 kHz 
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Figure 9.17: Device AV2 valve cap peak-peak motion, piston peak-peak motion, and device 
ajnplification ratio as a function of IkHz sinusoidal drive voltage levels. Due to the non-linear 
stiffness of the valve membrane structure, the amplification ratio decreases from ~ 50a; to ~ 40a; 
as the drive voltage is increased to 900Vpp. 
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Model Correlation 

With the data presented in the previous section, model correlation efforts were pursued to 

compare these results to the expected results from the analytical and finite-element models 

documented in the first series of chapters in this thesis. In this section, the high-voltage quasi- 

static performance at IkHz is correlated to model expectation using the full non-linear analytical 

active valve model presented in Chapter 4. FoUowing this, the low-voltage frequency response 

performance is correlated to the predictions from the active valve finite-element model presented 
in Chapter 4, as well. 

IkHz Quasi-Static Correlation Prior to comparing results for the IkHz operating condi- 

tions, a static pressurization test was performed on the drive element structure within device 

AVI to determine the mechanical stiffness of the piezoelectric material elements. In this test, 

the pressure within the hydraulic amplification chamber was increased from PHAC = OkPa to 

PHAC = bOOkPa over a time span of 90 seconds, and the displacement of the drive element 

piston was measured in real-time using the laser vibrometer system. In response to this SOOkPa 

pressurization, the piston moved through a displacement of 0.90/im. With this result and with 

the geometry of the structure presented in Figure 9.1, the Young's Modulus of the PZN-PT 

material was determined to be Ep = 6.76GPa. This value is 74% of the nominal modulus 

{Ep = 9.01 GPa) given by the manufacturer [3] and assumed for active valve design optimiza- 

tion throughout the earlier chapters of this thesis. It should be stated that the manufacturer's 

material data sheet [3] quoted the modulus within only ±20%, and as a result, this experimen- 

tally determined reduced modulus from nominal was not completely unexpected. In the model 

correlation studies that follow, the effect of piezoelectric material Young's Modulus variation 

is evaluated. Additionally, as presented in Chapter 1, the piezoelectric coefiicient assumed in 

the active valve design procedures was ^33 = 2000pC/N. As shown in Chapter 7, in evaluating 

performance of the drive element devices, the actual coefficient for high-voltage behavior of this 

material was found to be in the range of £f33 = 1300 - 1500pC/N. In the model correlation 

studies that follow, the effect of piezoelectric d33 variation is also evaluated. 

Figure 9.18 plots the experimental IkHz sinusoidal voltage drive data for devices AVI and 

AV2 against theoretical plots obtained from the full valve analytical model. The operational 

conditions for these tests and simulations are: a bias pressure Pt^as = 500kPa, a frequency 

IkHz, and a varying appUed voltage to the piezoelectric material. Shown on this plot are a 

series of model curves that span the range of ^33 and Ep coefficients. For example. Model 

Case 1 assumes an ideal d33 = 2000pC/N and an Ep = Q.OlGPa. At a peak-peak voltage 

of Vp^pp = 600K, for example, the model deflection is Zyc,pp = 32.7fj,m, as compared to the 

experimental deflection for device AVI of Z^C,PP = 23.1 and for device AV2 of Z^C.PP = 21.6. 

Reducing the piezoelectric coefficient to ^33 = 15Q0pC/N and maintaining Ep = 9.01GPa 
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produces the curve for Model Case 2. A sharp reduction in valve cap deflection is observed. 

At Vp^pp = eOOF, the model deflection is Zyc,pp = 27.5/im. Now, reducing the modulus 

to Ep = 6.76GPa for the expected range of piezoelectric coefficient 0^33 = 1300 — 1500pG/N 

produces Model Case 3 and Model Case 4, respectively. These are the curves within which 

the experimental data should he, since the ^33 and Ep coefficients are taken from previous 

experimental studies. For Model Case 3, the model deflection is Zvc,pp = 25.9/^m, and for 

Model Case 4 the model deflection is Zvc,pp = 23.7fim. 

In observing 9.18(b), the piston deflection experimental data points do fall within these 

bounds. The experimental valve cap deflection data points, however, lie slightly below the lower 

bound. These two observations indicate that the drive element structure is well characterized 

by the values of ^33 = 1300 - 1500pC/N and Ep = 6.76GPa. The lower than expected valve 

cap deflection experimental data, in comparison to the models, must therefore be a result of 

additional compliance within the hydrauUc coupler mechanism itself. Since Chapter 7 validated 

that the valve membrane structures correlate extremely well with the non-hnear model code, 

this compliance must be associated with either the fluid itself or a structm:al compliance of 

the hydrauUc amplification chamber walls. This theory is supported by the amplification ratio 

data shown in Figvue 9.18(c), where the amplification ratio as a function of applied voltage is 

shghtly less than model predictions. However, all amplification ratio data indicate very good 

correlation within 5 — 10% of model predicitons. 

In order to further evaluate the issue of a lower than modeled fluid bulk modulus, two 

further model correlation cases were carried out. In all design chapters of this thesis, the fluid 

bulk modulus of the silicon oil was assumed to be Kf = 2.0GPa [4]. The previous plots just 

discussed assumed this value. Depending on how well the fluid is degassed and firee of bubbles, 

this value could be substantially lower. To evaluate the effect of a reduced fluid bulk modulus. 

Model Case 4 was repeated (with ^33 = IWOpG/N and Ep = 6.76GPa) for Kf = l.OGPa 

and Kf = 0.5GPa. These cases are label Model Case 5 and Model Case 6, respectively. As 

shown in Figure 9.19, a change in fluid bulk modulus does indeed result in expectations closer 

to the experimental data. Even for a reduction in fluid stiffness of 4 times, however, the 

ampliflcation mechanism still performs well. This is a result of the fact that, in general, the 

fluid is stiff enough that its volume reduction during pressurization is signiflcantly smaller than 

the actuation volume change produced by the drive element during operation. 

These model correlation studies indicate that for the experimentally determined piezoelectric 

material properties ^33 = 1300 - l50QpC/N and Ep = 6.76GPa, active devices AVI and AV2 

perform very close to model predictions for quasi-static operation at IkHz. Slight discrepancies 

in performance can most likely be attributed to a smaller than expected fluid bulk modulus or 

equivalent structural compliance within the hydraulic amplification chamber. 
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Figure 9.18: Device AVI and device AV2 quasi-static IkHz model correlation for fluid bulk 
modulus Kf = 2.0GPa. Results indicate the piston deflection is very close to the expected 
theoretical bounds for dgg = 1300 - 1500pC/N and Ep = 6.76GPa. Due to the fact that the 
valve cap deflection is further from the theoretical bounds, it is believed that fluid compliance 
or HAC structural compliance is creating a loss mechanism. 
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Figure 9.19: Device AVI and device AV2 quasi-static IkHa; model correlation for varying fluid 
bulk modulus Kf. Results indicate a 75% reduction in the fluid bulk modulus would enable 
good correlation between experimental and theoretical results. 
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Low-Voltage Frequency Response Having correlated the quasi-static IkHz high-voltage 

structural behavior of the microvalve to expected results based on the analytic models presented 

in this thesis, an effort is now made to understand the resonant frequency behavior at low- 

voltage. The 1st set of tests on device AVI and device AV2 determined the onset of resonance 

for a low-voltage (OF ± 5V) sweep signal over a frequency range from 500Hz to lOOkHz. These 

voltage levels were used to ensure that non-Unear stretching of the valve membrane structure 

did not occur. Non-linearities in the structure would create a stiffer operational regime and, 

therefore, a corresponding increase in the frequency at which "resonance" occurs. As a result, 

low-voltage excitation produces a conservative estimate for resonant behavior, which can then 

be used to determine a desirable quasi-static frequency of operation for the valve. Without 

fluid above the valve cap and membrane structure, devices AVI and AV2 were found to exhibit 

resonance at ~ lOkHz. With fluid present above the valve cap and membrane structure, 

resonance was observed at ~ 5kHz. In this model correlation section, an effort is made to 

correlate the active valve resonant behavior without the presence of external fluid to theoretical 

expectations based on the finite-element model described in Chapter 4. Furthermore, an effort 

is made to estimate the effect of the external fluid added mass on the active valve resonant 

frequency and to correlate this effect to the experimental downward shift m resonant frequency 
from ~ lOkHz to ~ 5kHz. 

Without Fluid Above Valve Cap and Membrane An axisymmetric 2-D finite- 

element model was built for this correlation study with no fluid present above the valve cap 

and membrane. This model incorporates four-node plane elements for the siUcon and glass 

structural parts of the valve and 4-node acoustic fluid elements for the Uquid contained within 

the hydraulic amphfication chamber. These acoustic elements enable fluid-structure interaction 

between the fluid and the surrounding structure of the HAC chamber. Sensitivity analyses were 

carried out to evaluate the first resonant frequencies of the coupled system, as a function of 

variations in important structural parameters and material properties. The parameters inves- 

tigated were (1) the HAC fluid bulk modulus Kf, (2) the valve membrane thickness <„„, (3) 

the piezoelectric material stiffness Ep, (4) the HAC fluid chamber height tHAC, (5) the bot- 

tom support plate thickness hot, and (6) the top structural plate thickness ttop. The results of 

these sensitivity analyses are shown in Figure 9.20. In each analysis, the experimental baseline 

design for the active valve is specified. This baseline design includes the following values for 

the parameters under investigation: Kf = 2GPa, f„„ = 6/^m, Ep = 6.76GPa, Uot = lOOO/xm, 

ttop = lOOOfim, and IHAC - 2G0pm. With these baseline parameter values, a first modal 

frequency of 14.1kHz was determined. This theoretical value is significantly larger that the ex- 

perimentally determined 1st modal frequency of lOkHz, and as a result, the sensitivity analyses 

that follow are meant to determine why this is. 
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Figure 9.20(a) shows the effect of reduced bulk modulus on the valve first modal frequency. 

The active valve was designed assuming a fluid bulk modulus value of Kj = 2GPa. The 

previous quasi-static model correlation section concluded that a reduction in bulk modulus 

down to Kf = 0.5GPa could explain the voltage-valve cap deflection performance reduction 

seen experimentally at IkHz. From this modal analysis, however, it is clear that this reduction 

in modulus to Kf = O.bGPa has minimal effect on the 1st modal frequency, dropping it 

only to 13.7kHz. In fact, a reduction to Kf = 0.02GPa is required to bring the 1st modal 

frequency down to lOkHz. It is therefore concluded that the expected fluid bulk modulus value 

of Kf = O.bGPa is not the prime reason for the lower-than expected 1st modal frequency. 

Figure 9.20(b) shows the effect of valve membrane thickness on the valve first modal 

frequency. Based on the valve membrane pressure-deflection results detailed in Chapter 8 

(for which there was excellent correlation between theoretical and experimental results for 

t„^ = Gum), it is quite certain that the valve membrane thickness is very near to t^m = 6/im. 

Figure 9.20(b) (solid Une) shows that even if the thickness were to deviate anywhere within 

f„^ = 5 — 7/xm, the effect on the first modal frequency would be quite small. It is therefore 

concluded that a slight deviation in valve membrane thickness from the experimentally verified 

value of tvm = 6//m would not be sufficient to reduce the first modal frequency from 14.1kHz 

to lOkHz. Additionally, the dotted line in this plot illustrates the first modal frequency of 

the stand-alone valve cap and membrane structure (with no fluid in contact with its bottom 

surface) as a function of valve membrane thickness. One observes, in this case, that the modal 

frequency is very sensitive to valve membrane thickness. The important observation here is 

that the presence of the fluid in the HAC chamber serves to reduce the modal frequency (from 

32.9kHz for the stand-alone valve membrane to 19.6kHz for the active valve coupled system) 

for a large thickness valve membrane (added mass effect to be discussed shortly) whereas for a 

small thickness valve membrane the presence of fluid in the HAC serves to increase the modal 

frequency (from 8.7kHz for the stand-alone valve membrane to 12.6kHz for the active valve 

coupled system). This illustrates the important of performing full fluid-structural interaction 

analyses to predict the full valve modal frequency rather than estimating this modal frequency 

based on just one of the stand-alone structural components of the full valve. 

Figure 9.20(c) shows the effect of piezoelectric material modulus Ep on the the valve flrst 

modal frequency. In Chapter 9, this Ep value was experimentally determined to be 6.76GPa. It 

is clear from this plot that the valve modal frequency is insensitive to slight variations (between 

Ep — 6 — 8GPa) in this value. It is therefore concluded that the reduction in the first modal 

frequency from 14.1kHz to lOkHz can not be attributed to an unexpected value oiEp. 

Figures 9.20(d) and 9.20(e) illustrate the effect of the top and bottom structural plate 

thicknesses on the valve first modal frequency. It makes sense that if the bottom structural 

plate were to be significantly reduced in thickness, then the drive element portion of the valve 
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Figure 9.20: Finite-element active valve modal frequency sensitivity studies for (a) the HAC 
fluid bulk modulus Kj, (b) the valve membrane thickness <„„, (c) the piezoelectric material 
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would become much softer than in the basehne design, and the full valve modal frequency 

could be expected to drop. This phenomenon is observed in Figiure 9.20(d). Likewise, if the 

top structural plate were to be significantly reduced in thickness, the HAC structural chamber 

would become much softer than in the baseline design, and the full valve modal frequency 

could be expected to drop. This phenomenon is observed in Figure 9.20(e). In the active valve 

devices experimentally tested in this thesis, however, the thicknesses of these two plates are 

well-characterized to each have a thickness of at least 1000/im. Therefore, it is concluded that 

the top and bottom plate thicknesses do not contribute to the reduction in the active valve first 

modal frequency from 14.1kHz to lOkHz. 

Figure 9.20(f) shows the effect of the HAC fluid chamber height tuAC on the the valve 

first modal frequency. The plot illustrates that the modal frequency is extremely sensitive to 

a reduction in this chamber height from the baseline design value of tjiAC — 200jum (where 

the first modal frequency is 14.1kHz) to a smaller value of tsAC = 50/im (where the 1st modal 

frequency is 9.2kHz). The reason for this significant frequency reduction as the chamber height 

is reduced is the presence of inertial coupling between the moving drive element piston and the 

adjacent glass surfaces that form the top of the HAC chamber. A comprehensive discussion of 

inertia coupling is found in Blevins [5]. The following excerpt is taken from [5]: 

As a cross section accelerates in a fluid, pressure gradients will be generated in 

the surrounding fluid. These pressure gradients can exert fluid forces on adjacent 

structures. If the adjacent structures are not rigid, they will in tturn deflect and 

generate forces on the accelerating cross section. This interaction between adja- 

cent elastic structures is called inertial coupling. Inertial coupling increases as the 

distance between structures decreases. Inertial coupling can signiflcantly affect the 

natural frequencies and mode shapes of [closely-packed structures] if the density of 

the surrounding fluid is comparable to or larger than the average density of the 

[structures]. Blevins, p.403 

Prior to assembly of devices AVI and AV2, the chamber height tnAC of these devices was 

measured to be ~ 200/zm. However, the geometry of the glass layer that forms this chamber 

is significantly more complex (see valve structure shown in Figure 9.1) than just having a 

volume of fluid 200/im in height above the drive element piston and beneath the valve cap 

and membrane. In reality, a series of fluid channels exists (termed "HAC Through Holes" 

and "HAC Radial Channels" in Figure 9.1) through this glass layer to allow fluid to couple 

the piston motion to the valve membrane motion. During the design stages of the active 

valve device, a bottom structural stop beneath the valve cap (at Z„c = — 16.5/xm) was set as 

a requirement. These channels were therefore implemented to satisfy this requirement. The 

heights of the "HAC Radial Channel" features in Layer 7 are no more than 100/im, and as a 
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result, acceleration of fluid in these channels could be a significant inertial coupling effect. Based 

on these arguments, it is concluded that the small-size fluid pathways through the complex 

glass Layer 6 HAC chamber are the most probable reason for the reduction in active valve 

modal frequency from the baseUne design FEM expectation of UAkHz to the experimentally- 

determined frequency of lOkHz. Future valve design iterations should include larger tjjAC 

chamber heights (ie: IHAC = 500/im) with no complex fluid routing pathways. EUminating the 

presence of the valve cap bottom structural stop might be a necessary consequence. 

With Fluid Above Valve Cap and Membrane The previous model correlation section 

determined that inertial coupling effects between the accelerating fluid and the piston structure 

within the HAC chamber were the most likely reason for the lower-than expected active valve 

first modal frequency, when no fluid was present above the valve cap and membrane structure 

of the valve. Experimentally, without this fluid above the valve cap and membrane, the first 

modal frequency was found to be ~ lOkHz. With this fluid above the valve cap and membrane, 

the modal frequency was found to be ~ 5kHz. The following section attempts to explain this 
downward shift in valve modal frequency. 

The conclusion of this section will be that the presence of fluid above the valve cap and 

membrane structure serves to increase the effective mass of the valve cap and membrane, thereby 

reducing the overall modal frequency. This statement is consistent with a discussion found in 

Blevins [5] concerning the effect of surrounding fluid on a circular plate in vibration. The 
following excerpt is taken from [5]: 

As an elastic plate vibrates in a fluid, the fluid immediately surrounding the plate 

is set into motion and the plate will radiate sound waves into the far field... In 

general, the fluid will impose both added mass and damping forces on the plate. 

The added mass will lower the natural frequency of the plate from that which would 

be measured in a vacuum, and the damping of the plate will be increased. Blevins, 

p.413 

Taking as an example a circular disk with radius Va exposed on one side to an mviscid 

compressible fluid of density p/,„id (Blevins, p.414), the added mass of the disk for acceleration 

perpendicular to the plane of the disk can be estimated as Madded = ^Pfiuidrl- For a back- 

of-the-envelope calculation on the valve cap and membrane in the active valve, let To = Rym- 

The corresponding added mass is therefore MaMed = |(777^)(700/im)3 = 7.lie-''kg. The 

baseline mass of the valve cap structure is M„c = psinRl^^c = (2200^)7r(250/im)2(300/im) = 
l.SOe-'^kg. 

To therefore estimate the reduction in active valve first modal frequency due to the presence 

of fluid above the valve cap and membrane, the finite-element model from the previous section 
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Figure 9.21: Finite-element modal frequency sensitivity to valve cap added mass. The presence 
of fluid above the valve cap and membrane structure creates an effective added mass to the 
coupled structure which serves to reduce the first modal frequency of the active valve device. 

was run with a modified density of the valve cap material such that its mass was equal to 

Mvc,modified = ^vc + Madded — SA2e~^kg (an increase from the original valve cap mass of 6.5 

times). In this comparison study, a new baseline valve design was chosen to include a fluid 

bulk modulus value of Kf = Q.5GPa and an HAC chamber height of tuAC = 66/im so that the 

first modal frequency of the valve without the added mass was exactly lO.OkHz. This baseUne 

FEM model therefore matched the experimental result without fluid above the valve cap and 

membrane. Now, with the addition of the added mass (x6.5), the fiirst modal frequency of 

the valve was determined to be 7.8kHz (a 22% decrease from the new baseUne design modal 

frequency of lO.OkHz). Figure 9.21 illustrates the theoretical effect of added mass (from xO.l 

to xlO) on the first modal frequency of the active valve structure. Over this range of added 

mass, the first modal frequency is affected, but not substaxitially. 

For the active valve devices tested experimentally, there is a 50% reduction in the first 

modal frequency (from ~ lOkHz to ~ 5kHz) due to the presence of fluid above the valve cap 

and membrane. The above study on the new baseline design (in which a 22% reduction was 

calculated) provides for an added mass argument that also applies to the experimental results, 

however, this value of added mass only partially reduces the first modal frequency to correlate 

with the experimental results. Since this added mjiss calculation was for a circuleir plate in 

an infinite fluid medium, and since in the real active valve structure, there exist structural 

surfaces within 50-100/xm of the top surface of the valve cap and membrane, it is likely that the 

same sort of inertial coupUng effects as discussed in the previous section axe coming into play. 

These unmodeled effects could potentially cause a further reduction in first modal frequency. 
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It is therefore concluded that the fluid mass (acceleration and inertia effects) above the valve 

cap and membrane and the presence of the flow channel structure near to this valve cap and 

membrane provide an additional mass seen by the active valve structure as it vibrates, thereby 

reducing the valve first modal frequency from the case when no fluid exists above the valve 

cap and membrane. Future active valve design iterations should more thoroughly evaluate this 

added mass effect on valve dynamic performance. The reconmiendation section of Chapter 10 

further discusses these recommended future anaJyses. 

9.3.2    Testing Section 2: Active Valve Fluid Flow Regulation 

To characterize the flow regulation capability of the active valve devices documented in this 

thesis, a series of tests was performed. The first test focused on experimentally determining the 

quasi-static flow rate versus valve cap opening curves for varying applied differential pressures 

Pi - P2 across the valve orifice. These results were then compared to predictions based on the 

flow models developed in Chapter 5 of this thesis and based on [2]. The second test evaluated 

the flow regulation capabiUty of the active valve by varying the duty cycle of valve opening 

at a prescribed differential pressure Pi - P^ and measuring the average flow rate through the 

valve orifice. The third test evaluated the flow regulation capability of the active valve at a 

prescribed operating frequency of IkHz for increasing differential pressures across the valve 

orifice. Limitations in valve performance could therefore be determined as this differential 

pressure was increased. For each of these tests, an estimate of the measurement error is included 

in the experimental results plots detailed in this section. 

Static Flow Tests 

To determine the quasi-static flow rate versus valve opening curves for a series of imposed 

differential pressures across the valve orifice, the fluids test-rig (described in Chapter 6) was 

used. In these tests, no voltage was applied to the piezoelectric material. Rather, the valve cap 

position was controlled by regulating the pressure PHAC to the hydraulic amplification chamber. 

For a given test run at a desired differential pressure P1-P2, PHAC was first increased to move 

the valve cap upward against the fluid orifice (with Pi = P2 = 0). Pi and P2 were then 

independently increased to set the desired differential pressure across the orifice. In order to 

maintain the valve cap against the orifice, PHAC was varied real-time in conjunction with the 

increases in Pi and P2. With the proper differential pressure set, a data acquisition system 

was started, into which the valve cap displacement, pressure measurement of PHAC, pressure 

measurement of Pi, pressure measurement of P2, and flow sensor measurement Qavg were input. 

As detailed in Chapter 6, the flow rate measurements were taken using a calibrated flow orifice 
system. 
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Figure 9.22: Model correlation to device AVI quasi-static fluid flow rate versus valve opening 
behavior for diff'ering imposed difi'erential pressures. The experimental flow rates fall approxi- 
mately 10 — 30% short of predictions based on the empirical work of others. Error bars on the 
data indicate estimates of measurement error. Two flow sensors of different ranges were used in 
these experiments, resulting in different levels of measurement error for lower and higher flow 
rates. These measurement errors were estimated based on the flow sensor calibration errors, 
the accuracy of the applied differential pressure, and human error associated with controlling 
the quasi-static nature of the experiments. 

In order to obtain quasi-static flow measurements for a given valve cap opening, PHAC was 

decreased slowly over a period of approximately 10 minutes. The valve cap was allowed to move 

through its full stroke of 30—33/im. The time constant of the flow orifice sensor was on the order 

of a few seconds, and therefore this measurement procedure enabled quasi-static measurements. 

Tests were performed for differential pressures of Pi — P2 = 48kPa, 90kPa, 135kPa, and 210kPa. 

For each test rim, selected points were chosen to plot. Figure 9.22 overlays these experimental 

results with the predicted behavior based on the flow models used in Chapter 5 of this thesis. 

Since the Chapter 5 flow models are based on a compilation of empirical work from other 

researchers, the line of predicted behavior in Figure 9.22 is understood to be of only "limited 

accuracy", in other words, it is not based on exact theory. In general, this comparison shows that 

the predicted behavior based on the empirical work of others overpredicts the flow rate behavior 

by approximately 10 — 30%. This is most hkely due to differing geometric features between 

the orifice structures contained within the empirical results and the valve orifice structure in 

this thesis. Specifically, since the empirical results are based on macroscale orifice structures 
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with rounded and filleted features, one would expect better flow rate capabilities for given 

applied difierential pressure and valve opening than in the microscale valve orifice structure 

detailed in this thesis, which possesses comparatively sharp corners. Furthermore, at small 

valve openings, the flow rate appears to be choked. Only when the valve cap reaches an 

opening of ~ 4/im does the fluid really begin to flow. Based on this data, active valve device 

AVI can be characterized as a flow control device. These differential-pressure flow experiments 

were performed for differential pressures up to Pi - P2 = 210fcPa. When tested to differential 

pressures greater than this value, interesting oscillatory behavior of the valve cap structure 

occurred. These observations and the corresponding efforts to determine the cause of these 

phenomena are detailed in the following section. 

Self-Oscillatory Behavior of Valve Cap During Static Flow Tests 

The original objective of the static flow tests described above was to evaluate the differential 

pressure-flow behavior through the valve orifice for Pi - P2 up to SOOkPa, since this was the 

designed-for maximum differential pressure to be experienced in a complete MHT micropumping 

system. However, in testing the valve beyond Pi -P2 = 210fcPa, self-oscillatory behavior of the 

valve cap at its resonant frequency of 5kHz was observed and measured (remember, in these 

tests, there is no actuation of the piezoelectric drive elements - all pressures are controlled via 

external regulators). It is believed that this oscillatory behavior may be induced by vortices 

and unsteady flow phenomena as the flow transitions from the laminar to the turbulent flow 

regime. In an effort to evaluate this hypothesis, the following experiments were carried out. 

For each of a series of differential pressures (Pi - P2 = 80kPa, 130kPa, 160kPa, 200kPa, 

230kPa, 240kPa, 305kPa, and 360kPa), the valve cap was controlled to slowly open from its 

closed position using the same procedure as for the static flow tests. During this process, the 

valve opening Zyc,opening, the quasi-static flow rate Qavg, and the imposed differential pres- 

sure Pi - P2 were measured real-time. The valve orifice geometry is shown in Figure 9.23. 

Numerous data points were selected and post-processing operations were performed to cal- 

culate the Reynolds number of the flow through the valve orifice, according to the relation 

REoorifice = b^^JL"- Additionally, an "Instability Value" was determined for each data point 

corresponding to the behavior of the valve cap as it opened. The three types of valve cap be- 

haviors observed (using the laser vibrometer system) during these tests were (1) smooth steady 

motion of the valve cap, (2) slightly rough motion of the valve cap (but always with negligible 

amplitude), and (3) oscillatory motion of the valve cap at a frequency of 5kHz and with peak- 

peak displacement of 3 - 4/im. Figure 9.24 displays typical displacement signals over a time 

period of 10 ms for each of these types of behaviors. At each data point, an Instability Value 

of 1, 2, or 3 was assigned for each of the respective measured behaviors. Since the valve cap 

structure essentially reacts as a sensor to any pressure fluctuations in the flow channel above 
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it, these assigned Instability Values can provide some insight into the behavior of the fluid as 

it flows through the oriflce. 

Figure 9.25 displays an example test run for the case of Pi -P2 = SOkPa. Plots of the Insta- 

bility Value versus Zvc,opening, P1 — P2 versus Z„c,opening, Qavg verSUS Zvc,opening,^T^<i REoorifice 

versus Z„c,opening are included. Notice that since the Reynolds number is proportional to the 

average flow rate, the Qavg and REuorifice curves in Figure 9.25(c) are identical, only the axes 

are scaled differently. Additionally, notice that Pi - P2 is not constant over the length of the 

run. During the testing, it was very difiicult to maintain the differential pressure at a constant 

value. For this test case of Pi — P2 = SOfcPa, the valve cap smoothly moves through an opening 

trajectory, up to approximately Zvc,opening = 19/im. At these conditions, the valve cap dis- 

placement begins to exhibit a slight roughness in its measured displacement (with roughness 

aimplitude less than 0.4^m), but continues to open with no effect on valve cap position. At 

Zvc,opening = 28/xm, the valve cap displacement returns to smooth behavior. The correspond- 

ing Reynolds numbers for these transition points are REoorifice — 788 and REoorifice — 928, 

respectively. In Figure 9.25(a), an Instability Value of 1 represents the smooth motion of the 

valve cap. An Instability Value of 2 represents slightly rough motion. 

In order to obtain some understanding of the relationship between the valve cap behavior 

and the corresponding P-E/jor»/tcei test runs were carried out for the 8 differential pressure 

settings detailed above. Figure 9.26 plots the InstabiUty Value versus Z„c,opening curve for 

Pi - P2 = 80fcPa, Pi - P2 = ISOfcPa, and Pi - P2 = IGOfcPa respectively. Figure 9.27 plots 

the Instability Value versus Z^copening curve for Pi - P2 = 200fcPa, Pi - P2 = 2300fcPa, and 

Pi — P2 = 24.0kPa respectively. Figure 9.28 plots the Instability Value versus Z^copening cmve 

for Pi — P2 = 305fcPa and Pi — P2 = 360fcPa respectively. In observing these plots, it is 

clear that oscillatory behavior does not occur until the case of Pi — P2 = 200A;Pa. Under this 

differential pressure, at a value of Zvc,opening = 8/ZTO, the valve cap experiences a transition from 

smooth motion to oscillatory behavior with a frequency of 5kHz and a peak-peak displacement 

of 6 — 8/im. The corresponding Reynolds number for this transition is REoorifice = 615. At 

a deflection of Zvc,opening = 19/im, the valve cap stops oscillating and exhibits only slightly 

rough behavior. The corresponding Reynolds number for this transition is REoorifice = 969. 

And finally, when the valve cap approaches the lower valve stop, its motion once again becomes 

smooth, most likely caused by interaction with the solid surface below it. The corresponding 

Reynolds number for this transition is REoorifice = 2000. Similar behavior is observed for 

larger imposed differential pressures as well. For the case of Pi — P2 = 360fcPa, multiple 

transitions between smooth, oscillatory, and rough are observed. It appears as though upon 

separation from the upper valve orifice stop, the valve cap immediately begins to oscillate. It 

then transitions back to smooth behavior at Zvc,opening = 4.5yim, back to oscillatory motion at 

Zvcopening — 7.5iJ,m, back to smooth motion at Z^copening = 13/zm, and then to rough behavior 
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at Z^copening — 20/im. 

To better understand the relationship between these transition behaviors and the Reynolds 

number at which they occur, all 8 plots are combmed in Figure 9.29. Regions of smooth, 

rough, and oscillatory behavior are clearly evident. Figure 9.30 is produced by estimating the 

boundaries between these regions and labeling the corresponding REoorifice values at these 

boundary data points. In this plot, the distinct regions are detailed. Notice that a transition 

to rough valve cap motion occurs for Reynolds numbers between REoorifice = 800 - 1100. 

Additionally, for large differential pressures, oscillatory valve cap behavior begins typically at 

R^Dorifice = 500-600. Since rough valve cap behavior is characterized by only a tiny roughness 

in the displacement response (typically peak-peak displacement of less than 0.4/im), the valve 

cap itself remains in a stable operating condition. It is only when large amplitude oscillatory 

response occurs that the valve cap becomes unstable. Figure 9.31 plots this stable versus 

unstable representation. In essence, smooth and rough valve cap behavior have been grouped 

together to form the stable regions. Figure 9.32 plots experimental Unes of constant Reynolds 

number over the data points for all 8 test cases and Figure 9.33 compares these hnes of constant 

Reynolds number to the expected Unes obtained from model simulations presented in Chapter 

4. Notice that all of the experimentally determined lines of constant REoorifice are very close 

to the theoretical predictions for low to moderate values of imposed differential pressure (ie: 

up to Pi- P2 = ISOfcPa). Once the differential pressure is increased further, experimental 

correlation to theory is still good for low valve openings (lines of constant i?£^Oori/tce=400, 500, 

800), however the experimental Unes of larger constant REoorifice = 1000,1500,2200 begin to 

bend more sharply upward from the theoretical predictions. This bending is directly in relation 

to the region of oscillatory behavior, which is bounded by a value oi REoorifice ~ 1000 - 1100 

for the larger differential pressures. If one were to conclude that the measurements of smooth 

valve cap motion correspond to a laminar flow regime and that the slightly rough valve cap 

motion corresponds to a turbulent flow regime, it could therefore be argued that the oscillatory 

behavior of the valve cap structure occurs in a transition regime (characterized by REoorifice 

between ~ 500 and ~ 1100). 
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Section A-A' 

Figure 9.23: Schematic of valve cap and membrane orifice structure. For the active valve 
geometry tested in this thesis, Dorifice = 500/im, Zyc,opening = O-ZO/im, and Hchannei ~ 100/xm. 
Notice that the fluid flows radially outward over valve membrane, primarily to one side of the 
structure. The other side is blocked. 
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(a) Example Valve Cap Displacement Behavior: Smooth Respons e 
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(b) Example Valve Cap Displacement Behavior: Rough Response 
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(c) Example Valve Cap Displacement Behavior: Oscillatory Re sponse 
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Figure 9.24: Representative displacement signals corresponding to stable and unstable valve cap 
behavior during quasi-static opening: (a) smooth displacement response (Instability Value=:l), 
(b) slightly rough displacement response (Instability Value=2), characterized by random peak- 
peak motion less than 0.4/xm, and (c) oscillatory response characterized by 3 - 4fim peak-peak 
oscillations at 5kHz (Instability Value=3). 
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Figure 9.25: Representative plots for valve cap behavior, differential pressure, and flow rate 
during quasi-static opening for Pi — P2 = SOkPa. The valve cap opening motion transitions 
from smooth behavior to rough behavior at a deflection of Zvc,opening = 19/im and transitions 
back to smooth behavior at a deflection of Zvc,opening = 28/im. 
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(a) Device AV1, Quasi-Static Flow: P1-P2=80l<Pa 
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Figure 9.26: Valve cap Instability Values during quasi-static opening for Pi - P2 = SOkPa, 
Pi-P2 = UOkPa, and Pi - P2 = UOkPa. Corresponding Reynolds numbers are labeled at 
the transition locations. 
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Figure 9.27: Valve cap Instability Values during quasi-static opening for Pi — P2 = 200kPa, 
Pi — P2 = 2Z0kPa, and Pi — P2 = 240kPa. Corresponding Reynolds numbers are labeled at 
the transition locations. 
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Figure 9.28: Valve cap Instability Values during quasi-static opening for Pi -P2 = 305fcPa and 
Pi-P2= 360fcPa. Corresponding Reynolds numbers are labeled at the transition locations. 
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Figure 9.29:   Complete grouping of all valve cap Instability Values plotted as Pi — P2 vs. 
Zvc,opening- Region of valve cap oscillation defined by triangular data points. 

263 



450 

400 

<ld 
350 

300 

250 

a. 

100 

SO 

Device AVI, Quasi-Static Flow: Mapped Valve Cap-Flow Behavi or, RE_Doritice 
 1 r 1  

OSCIL. I       I 

A... ^441.1539., 

fC^ 

/ 

I 

H) 

If 

511 

It 

20(/*- 

150 

o 
o Oo    612 

O 615 

STMOdTH      \\ 

O 

o      6 
o o 

<b    o o 

I       SMOOTH    11 

^f 
937 ■'1014 

\ / 
V 

N 

OSCILLATORY 

.1i008 

\ 

A A 

;   / 
:^1180 

A/lt D 
y   969 Q. 

"N 
.1008 

<>\i  

O   Snrwoth Response 
a   Rough Response 
A Oscillatory Response 

ROUGH: 

a a 
D 

/ 
.2136. 

P8 
2000 

;/991 
;874_   _^D 

o ^a 

....:.\ :...' 

^ .788 
o '■■ ^ 

o   o 
fh 

1684 
OO 

□    „ /1475 
° 'Oo 

D4>o;<> 
,1388 
/' 

SMOOTH 

928 

J_ 

Of   o o 

I 

_i_ 
10 15 20 

Valve Cap Opening (\im) 
25 30 35 

Figure 9.30: Estimated boundaries for smooth, rough, and oscillatory regions plotted as Pi -P2 
vs. Z^copening- Corresponding transition Reynolds numbers are displayed along these boundary 
lines. 
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Figure 9.31: Estimated boundaries for unstable and stable regions plotted as Pi — P2 vs. 
Zyc,opening- Corresponding transition Reynolds numbers are displayed along these boundary 
lines. 
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Figure 9.32: Estimated constant Reynolds number curves plotted as Pi - P2 vs.  Z^c,opening- 
Lines are estimated by interpolating between adjacent data points. 

266 



[Jevice AVI, Quasi-Stalic Flow: Mapped Valve Cap-Flow Behavi or, RE-Dorifice 

15 20 

Valve Cap Opening dum) 

Figure 9.33: Constant Reynolds number curves (experimental vs. model predictions) plotted 
as Pi — P2 vs. Zvc,opening- Experimental lines are estimated by interpolating between adjacent 
data points. 
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For laminar fluid flow through an orifice, the flow rate is proportional to the appUed differ- 

ential pressure {Qavg oc AP) [2] [7], whereas for turbulent flow the flow rate is quadratically 

related to the differential pressure (Qavg oc v AP) [2] [7]. Substituting these pressiire-flow 

relations into 9.1, it can be determined that in the laminar flow regime C is inversely propor- 

tional to the Reynolds number, and that in the turbulent flow regime ^ is independent of the 

Reynolds number. This is consistent with Figure 9.34. Therefore, for the experimental data in 

this thesis, a plot similar to Figure 9.34 should be able to be created, where the slope of the C 

curve transitions from a negative value to a value of zero as REDorifice increases. In doing this, 

a determination as to whether the oscillatory valve cap behavior correlates to the transition 

between the laminar and turbulent flow regimes can be obtained. To evaluate this hypothesis, 

the experimental data is replotted as Corifice versus REoorifice ii Figure 9.35. 

Device AV1; Loss Coefficient vs. Orifice Reynolds Number 

Estimated transjllon regime 

O   Smooth Response 
D   Rougti Response 
A Oscillatory Response 
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M     cf    i^-aj 
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Orifice Reynolds Number REp^^rifice 
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Figtue 9.35: Device AVI estimated laminar, transition, and turbulent flow regimes as a function 
of REoorifice based on experimental data. Laminar regime is characterized by ^ oc j^ J' 
and turbulent regime is characterized by C being independent of REoorifice- The majority of 
oscillatory data points occur within estimated boundaries of this transition regime. 

Notice that, indeed, for increasing REoorifice from 0 to 500, C monotonically decreases, 

and for increasing REoorifice from 1100 to 2500, ^ remains constant. One may notice that the 

points above REoorifice = HOO contain both smooth and rough valve cap behavior. Due to the 

fact that the differentiation between smooth and rough was a difficult task, it could be that in 

reaUty the smooth data points were mistaken for rough behavior. However, the important data 
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points of oscillatory behavior were clearly differentiable from both smooth and rough behavior 

and therefore there is no question as to their validity. These observations indicate the presence 

of reasonably well-defined laminar and turbulent flow regimes within the experimental results. 

Furthermore, the vast majority of the oscillatory data points lie within the region between 

REoorifice = 500 and REoorifice = 1100. Based on these results, it can be argued that the 

oscUlatory behavior of the valve cap is directly related to the presence of transition between 

laminar and turbulent flow in the valve orifice. 

The following question must now be addressed: Does this conclusion that valve cap os- 

cillatory behavior is related to the transition between laminar and turbulent fluid flow make 

sense? This question is answered through a discussion of laminar, turbulent, and transitional 

flow regimes based on literature contained within the fluids mechanics community. 

As detailed in the fluid modeling portion of Chapter 5, the valve cap and orifice structure 

consists of two physical flow sections in series: a contraction section followed by an expansion 

section. Both of these types of flow sections result in the formation of vortices, the severity 

of which increases as the Reynolds number grows larger. Figure 9.36 (a) and (b) illustrate 

schematics of a typical fluid expansion section and a fluid contraction section, respectively, and 

the corresponding regions where vortices are present [7]. In general as fluid passes through these 

sections, the fluid boundary layers present upstream of the section are not able to remain intact 

in passing through the section. Shear layers form where the boundary layers separate from the 

original structural surfaces, and these shear layers tend to roll up in swirling vortices, which 

create unsteady forces on any surrounding structure [5] (such as the valve cap and membrane 
in the active valve). 

(a) (b) 

Figure 9.36: Schematic of vorticity formation in contraction and expansion fluid flow sections 
[7]: (a) expansion section, (b) contraction section. 

This unsteady forcing is frurther enhanced if the flow is experiencing transition between 

laminar and turbulent behavior. In general, laminar viscous flow is characterized by smooth 

and steady fluid motion, whereas turbulent flow is characterized by continuous and ahnost 

random fluctuation in the velocities of the fluid particles. Both regimes have been studied for 
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a wide variety of flow geometries. Laminar flow theory is mathematically understood for many 

of these geometries. Turbulent flow behavior, however, is primarily an experimentally observed 

fact, which can be analyzed only through statistical understanding [8]. The transition between 

these two regimes is understood hardly at all. The transition regime is defined as the change 

(over space, time, and a certain Reynolds number range) of a laminar flow into a turbulent 

flow. Figure 9.37 illustrates a time history comparison of these three flow regime behaviors. 
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Figure 9.37: Laminar, transition, and turbulent representative flow behavior [8]: (a) laminar 
flow, (b) transition flow characterized by intermittent bursts of turbulent flow, and (c) turbulent 
flow. 

In laminar flow, there may be occasional natural disturbances in the flow, however, they 

damp out very quickly. In fully turbulent flow, continuous rapid and random fluctuations 

are present. In transition, there exist sharp bursts of turbulent fluctuation as the increasing 

Reynolds number causes a breakdown or instability of laminar motion. Transition through the 

valve orifice in this thesis, therefore, could very well be characterized by intermittent increases 

and decreases in the intensity level of the vorticy formation through the orifice, thereby resulting 

in a significant oscillation of the forcing on the valve cap and the compliant valve membrane 

structiure. It is this vortex-induced structural interaction between the fluid flow and the elastic 

valve structure that could be setting the valve cap osciUations into motion. 

The experimental results presented in this section have provided insight into the approximate 

value of Reynolds number for which the valve cap structure begins to experience unstable 

oscillatory behavior. In the valve flow regulation experiments that follow, results will first be 

obtained for relatively low differential pressure situations to avoid the potential for valve failvue 

due to these oscillations. Once flow regulation has been proved at low differential pressures, 

tests will then be performed at higher differential pressures to tests the limits of the active valve 

device under these unknown flow regime conditions. 
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Duty Cycle Plow Regulation Tests 

To evaluate the capability of the active valve to regulate flow for applied voltage to the piezo- 

electric elements, a series of varying duty cycle test runs were carried out for an imposed 

differential pressure across the valve orifice of Pi - Pa = SSkPa. This low differential pressure 

was chosen to ensure flow regimes that do not excite valve cap oscillatory behavior. For each 

duty cycle run, the valve cap motion was controlled between a minimum valve cap absolute 

displacement (from its equilibrium position) of Zyc = 4.0/im to a maximum valve cap absolute 

displacement of Z„c = 11.5/im. Since the valve orifice is located a distance of 16.5/xm above the 

equilibrium position of the valve cap, it can be stated equivalently that the valve cap opening 

was controUed between a minimum opening of Zyc,opening = 5/im to a maximum opening of 

Zvcopening = 12.5fim. Duty cycle voltage waveforms from zero to 100 were applied to the active 

valve such that the resulting valve cap motions shown in Figure 9.38 were obtained. A duty 

cycle of zero means that the valve cap was maintained constantly at its minimum opening of 

Zvc,opening = 5/im and a duty cycle of 100 means that the valve cap was maintained constantly 

at its maximum opening of Zyc,<,pening = 12.5/im. A duty cycle of 30, for example, means 

that the valve cap was effectively held at its minimum opening for 70% of the cycle and at its 
maximum opening for 30% of the cycle. 

The results of these tests are shown in Figure 9.39. As the duty cycle is increased from zero 

to 100, the average flow rate through the valve orifice increases monotonically, thereby proving 

that the valve device is capable of regulating flow. Using the simulation tools detailed in Chapter 

5 of this thesis, predicted results for the flow rates were calculated. These are overlayed with 

the experimental results in Figure 9.39. The comparison indicates that for reasonable valve 

openings, the measured flow rate correlates quite well with the model predictions. However, 

for small valve openings near Z„c,openmg = 5;im, the measured flow rate is significantly less 

than predicted. In essence, the flow appears to be choked more than expected at small valve 

openings. This observation agrees with the results at small valve openings of the quasi-static 

flow rate versus valve opening curves discussed previously As discussed in the previous static 

flow test section, since the Chapter 5 flow models are based on a compilation of empfrical work 

from other researchers, the lines of predicted behavior in Figure 9.39 are understood to be of 

only "hmited accuracy", in other words, they are not based on exact theory. In addition to 

modeling the case of a controlled valve opening of Z„c,opening = 5 - 12.5/jm, model predictions 

for a controlled valve opening of 2„c,open:ns = 7 - 14.5/im and a controUed valve opening of 

Zvcopening = 8.5 - 16.5/im were also determined. These results are also shown in Figure 9.39 

to convey the sensitivity of the offset valve opening on flow rate through the orifice. Shifts of a 

just a few (xms in the opening direction within the flow models result in significantly increased 
flow rate values. 
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(a) Device AVI: Duty Cycle Controlled Motions of Valve Cap 
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Figure 9.38: Device AVI valve cap time histories under different duty cycle voltage waveforms 
to piezoelectric drive element. The valve cap is controlled to reach a maximum valve cap 
displacement of Z„c = Vl.h\im and to reach a minimum valve cap displacement of Z„c = 4/im. 
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Figure 9.39: Device AVI model correlation to experimental How rate results for varying duty 
cycle inputs. Comparison illustrates good correlation for larger valve openings. For small 
opening, the flow appears choked. Error bars on the data indicate the measurement error, 
which was estimated based on the flow sensor calibration error and the accuracy of the applied 
difiierential pressure. 

IkHz Plow Regulation Tests at Increasing DiflTerential Pressure 

To evaluate the capabiHty of the active valve device to regulate flow at IkHz, a series of 

tests was carried out for increasing differential pressures across the valve orifice. In addition to 

proving flow regulation at IkHz, a further purpose of this study was to determine the maximum 

differential pressure across which the valve could operate. Since the magnitude of the unstable 

osciUatory behavior observed for the static flow tests at differential pressures greater than 

Pi-P2 = 210kPa was no more than 3 - 4fj.m peak-peak, it was hoped that by operating the 

active valve device dynamically at IkHz with total valve cap stroke of 15 - 20/im, the effect 

of the 5kHz oscillations might not affect the overall flow regulation capability of the valve. As 

such, tests were performed for differential pressures in excess of Pi - Pj = 21QkPa. 

Flow regulation tests at IkHz were performed for differential pressiues Pi - P2 = 24kPa, 

95kPa, 145kPa, 200kPa, 260kPa, and 340kPa. By controlUng PHAC with respect to the magni- 

tude of Pi and P2, the valve cap was displaced statically upward to a deflection of Z^c = 11/im. 

A sinusoidal voltage of 500Vpp was then applied to the piezoelectric drive element at IkHz 

to actuate the valve cap upward against the valve orifice and downward toward the original 

equilibrium position of the valve cap. In all test runs, it was desired to just barely close the 

valve cap against the orifice at its maximum displacement, and to maintain Z„c = 0 at its 
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AVI Dynamic Flow Tests at 1kHz: Model Correlation 
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Figure 9.40: Device AVI dynamic flow regulation model correlation at IkHz for varying dif- 
ferential pressures. Correlation is good over range of differential pressures. Error bars on the 
data indicate the measurement error, which was estimated ba^sed on the flow sensor calibration 
error and the accuracy of the appUed differential pressure. 

minimum displacement. In others words, it was desired to always ensure a valve opening stroke 

of 16.5fj,m. Figure 9.40 plots the experimentally measured flow rates for each of the differential 

pressure test cases. Because of the difficulty in achieving a valve cap stroke during actuation of 

Zvcopening = 16.5/im, the actual measured stroke of the valve cap during actuation is printed 

inside of each data bar. An applied voltage of 500Vpp was held constant for all of these test 

runs. It was noticed that for the differential pressure case of Pi — Pa = 340A;Pa, a valve cap 

stroke of 13/nrn resulted, rather than the typical 16 —17fj,m of the previous test cases. It was be- 

lieved in this case that the piezoelectric material capabiUty may have been affected by the high 

pressure excursions (estimated maximum to be PHAC ~ 600A;Pa) within the HAC chamber. 

Figure 9.40 also plots the experimental results versus the model expectations obtained using 

the active valve simulation tools developed in Chapter 5. Model predictions for the limiting 

cases of Z^copening = 13/im and Z^copening = IT/J'TTi are shown. The model correlation indicates 

that the eictive valve regulates flow in excellent correlation with the model predictions. As 

discussed in the previous flow testing sections, since the Chapter 5 flow models are based on a 

compilation of empirical work from other researchers, the hue of predicted behavior in Figure 

9.40 is understood to be of only "limited accuracy", in other words, it is not based on exact 

theory. Upon carrying out a subsequent test run at Pi—P2 = 450fcPa, as the differential pressure 

was being set across the valve orifice, the valve cap was observed to begin oscillating (with no 
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applied piezoelectric drive element voltage at this point). Very quickly afterword (fractions 

of a second, the valve cap lodged itself permanently against the bottom orifice. Subsequent 

efforts to move the valve cap upward by pressurizing and depressurizing the HAC chamber 

resulted in a Ifxm amplitude tilting of the valve cap. Based on this response, it is beheved 

that the valve membrane fractured in response to the oscillatory valve cap motion caused by 

unstable transitional flow through the valve orifice. Because this device failed in this manner, 

experimental testing of active valve device AVI was concluded. 

9.4    Conclusions 

This chapter has summarized the experimental tests performed on active valve devices AVI 

and AV2. Both devices were proven to successfully operate as piezoelectrically-driven hydraulic 

amplification micro-actuator structures. For appUed piezoelectric voltages up to 600Vpp at 

IkHz, these devices demonstrated amplification ratios of drive element deflection to valve cap 

deflection of 40x-50x. These amplification ratios correlate within 5-10% of the model expecta- 

tions. Although valve cap peak-peak deflections for the applied voltage levels were measured to 

be 20 - 30% lower than model expectations for the ideaUzed Ep and ^33 piezoelectric material 

coeflicients used in the design optimization chapters of this thesis, correlation to model re- 

sults that incorporate modified piezoelectric material properties based on proper experimental 

characterization of the material is within 5 - 10%. 

Flow regulation experiments on active valve device AVI proved that this valve structure can 

successfully regulate fluid flow at a frequency of IkHz for valve cap peak-peak displacements of 

17/im up to differential pressures of 260kPa. For this condition, a peak average flow rate through 

the device of 0.21mL/s was obtained under a sinusoidal drive voltage of 500Vpp. Additionally, 

quasi-static differential pressure-flow rate curves were measured up to a differential pressure of 

210kPa for the full range of valve cap stroke up to 33/im. The measured flow rates were 10-30% 

lower than the expected flow rates based on the models presented in Chapter 4. Self-oscillatory 

motion of the valve membrane was observed for various combinations of valve cap opening and 

differential pressures in excess of 210kPa. The nature of the flow behavior (based on Reynolds 

number) was studied for a variety of valve opening situations. The results indicate that these 

self-excited valve cap oscillations were most probably a result of transitional flow (between 

laminar and turbulence) through the valve orifice structure, a regime which limited the valve 

operation to relatively low differential pressures below 350kPa. Overall, this piezoelectricaUy- 

driven hydraulic amplification microvalve was successfully proven to regulate fluid flow through 
microscale channels at high frequency. 
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Chapter 10 

Conclusions and Recommendations 

This chapter summaxizes the modeling, design, fabrication, and testing research presented 

in this thesis. The thesis objectives and the thesis contributions are reviewed. Conclusions 

are drawn based on the results presented and recommendations for future work are detailed. 

Additionally, it is the purpose of this chapter to evaluate the impact of these thesis results on 

the performance capabilities and overall future of Micro-Hydraulic Transducer systems. 

10.1    Summary and Conclusions 

10.1.1    Thesis Summary 

The primary objective of this thesis was to develop, from the initial concept stage to the 

experimental testing of a fabricated device, a piezoelectrically driven hydraulic amplification 

microvalve for high frequency control of high pressure fluid flow. This research was carried 

out through a series of modeling, design, fabrication, assembly, and experimental testing tasks. 

This work demonstrated the valve concept and evaluated the valve performance in comparison 

to behavior predicted by the models developed in the thesis. 

A secondary goal of this thesis was to provide a framework of linear and non-linear structural 

modeling tools and design procedures that can be implemented in the development of high 

frequency piezoelectric micropumping and microvalving systems. Additionally, a further goal of 

this thesis was to present a method for small-scale bulk piezoelectric material integration within 

silicon micromachined thin-tethered structures, a procedure which can enable the realization of 

compact high-frequency high-stifihess hydraulic actuator structures. 

These objectives were divided into two major sections of the thesis. The first section, con- 

sisting of Chapters 1 through 5, focused on the conceptual design of the active valve structure, 

the development of structural modeling tools to predict the important linear and non-linear 

structural behaviors of the device component structures, the implementation of these modeUng 

279 



tools within an active valve valve simulation architecture, and the development of a systematic 

design procedure that can be used to generate an active valve geometry based on external hy- 

draulic system performance requirements. The second section, consisting of Chapters 6 through 

9, highlighted the fabrication challenges inherent in building this active valve device and defined 

the fabrication process flow for the assembly of the device, including piezoelectric material mte- 

gration. Additionally, comprehensive experiments were carried out to experimentally evaluate 

the piezoelectric drive element sub-component structure, the valve cap and membrane sub- 

component structure, and the full piezoelectricaUy-driven hydrauUc amplification microvalve 

device. Each of the chapters is summarized below. 

Chapter 1 introduced the concept of the piezoelectrically-driven hydraulic amplification 

microvalve for use in high specific power hydrauhc pumping applications. High frequency, high 

force actuation capability in the valve is enabled through the incorporation of solid-state bulk 

piezoelectric material elements beneath a compact and stiff structural piston mechanism. High 

stroke valve motion is achieved through the incorporation of a hydrauUc amphfication chamber 

between the moveable piston structure and a micromachined valve membrane. This enclosed 

fluid chamber, connecting the large cross-sectional area piston structure to a smaller cross- 

sectional area valve membrane structure, enables an amplification (40 - 50a;) of the limited 

piezoelectric material stroke into a significantly mcreased valve membrane and valve cap de- 

flection. These design features enable the valve device to simultaneously meet a set of high 

frequency, high pressure, and large stroke requirements that have not previously been satisfied 

by other microvalves presented in the literature. 

Chapter 2 introduced the geometry of the active valve device and detailed the unportant 

structural elements within the device that needed to be accurately modeled. The structural de- 

formations of the piezoelectric material elements, the drive element piston, the bottom support 

structure, the hydraulic amplification chamber, the top support structure, and the valve cap 

and membrane structure were modeled using linear plate theory, with bending and shearing 

deformation effects included. Additionally, theoretical studies were performed to demonstrate 

the benefits, by stiffening the drive element piston actuation structure, of integrating multi- 

ple piezoelectric material elements spread out beneath the drive element piston rather than 

integrating just a single centrally-located material element beneath the piston. These studies 

provided the optimal dimensional spacing of the three piezoelectric elements beneath the drive 

element piston in the fabricated and experimentally characterized active valve devices presented 
in Chapter 9. 

Chapter 3 presented the development of a numerical code to model the large deflection 

behavior of a thin annular plate structure with rigid central cap under pressure loading. The 

work presented in this chapter was based on a finite-difference scheme developed by Su [1]. This 

numerical code served as a modeling tool for use in the full active valve non-linear model and 
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system simulation presented in Chapter 4. The theory was specifically developed to capture 

the non-linear stiffening effects present in the valve membrane structure of the active valve. 

The linear plate theory representation that was presented in Chapter 2 is not able to capture 

these stiffening effects. A series of valve cap and membrane geometries and pressure loading 

scenarios, characteristic of those found and experienced in the final active valve device, was 

presented to demonstrate the capabilities of this modeling tool to capture the large deflection 

behavior of the structure. 

Chapter 4 presented a complete quasi-static structural model of the active valve. This 

model was comprised of the linear and non-linear modeling tools presented in Chapters 2 and 

3, respectively. An evaluation of the assumptions within the structural model was performed 

through a series of comparison studies to a finite-element model of the active valve structture 

for a variety of loading scenarios. In addition, the chapter introduced a dynamic simulation 

architecture for the valve, which included inertia and damping associated with the drive element 

piston and valve cap structural elements. Calculation of the coupled fluid-structure resonant 

valve firequency, based on finite-element analyses, was also presented. The predicted resonance 

was based on a finite-element model that did not include the added mass of the fluid above the 

valve cap and membrane structure. As a result, this model overpredicted the valve resonant 

frequency in comparison to experimental results on the fabricated valve devices detailed in 

Chapter 9. 

Chapter 5 formulated a systematic quasi-static design procedure that can be used to gen- 

erate an active valve geometry based on external hydraulic system performance requirements. 

This design procedure was based on the modeUng tools and simulations developed in Chapters 

2, 3, and 4 of the thesis. Additionally, the procedure incorporated the governing fluid flow 

relations linking the valve cap motion to the external hydraulic system pressures and enabled 

variation of key parameters within the active valve geometry (such as valve membrane thickness 

and the number of valve membranes used in parallel) to satisfy predetermined valve membrane 

stress limitations. A powerful characteristic of the systematic design procedure is the ability to 

monitor the stress at all positions along the valve membrane for any and all potential pressure 

loading scenarios experienced by the structure. This enables the designer to very accurately 

predict the maximum stress that the valve membrane will experience during its full actuation 

cycle as it opens and closes against the fluid orifice. As a check, full system dynamic simulations 

were run to vaUdate the goodness of the valve geometry created using the quasi-static design 

procedure. 

Chapter 6 presented an overview of the fabrication challenges encountered and the solu- 

tions implemented in the development of the active valve device. These challenges included the 

wafer-level etching of the drive element and valve membrane structures, the wafer-level siUcon- 

to-siUcon and silicon-to-glass bonding operations, preparation and integration of the piezoelec- 
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trie material elements with the device, die-level assembly and bonding procedures, and the 

filling of degassed fluid within the hydraulic amplification chamber following device assembly. 

Additionally, the modeling and design of a micromachined high-resistance fluid channel was 

documented that enabled a static bias pressure to be imposed on the hydraulic amplification 

chamber without affecting the high-firequency actuation behavior of the active valve device. 

Chapter 6 also presented a detailed sub-component testing plan for the active valve struc- 

ture. This systematic plan separated the complete active valve structure into manageable sub- 

component devices according to the primary challenges previously detailed. The piezoelectric 

drive element sub-component study, whose purpose it was to prove the ability to micromachme 

the tethered piston structure and integrate bulk piezoelectric material beneath the piston, and 

the valve cap and membrane sub-component study, whose objective it was to validate the non- 

Imear large deflection behavior of the valve membrane structures, were outlined. Additionally, 

the full active valve testing plan was outUned. 

Chapter 7 presented the experimental results for the piezoelectric drive element sub- 

component study. A series of drive element devices was fabricated in an effort to demonstrate 

that both standard polycrystalline PZT-5H piezoelectric material as well as higher-strain single- 

crystal PZN-PT piezoelectric material could be incorporated beneath micromachined piston 

structures. An additonal goal was to demonstrate that devices with three piezoelectric elements 

spread out beneath the drive piston could be manufactured in a reliable manner. Quasi-static 

high-voltage experimental tests were performed on these devices at a frequency of 15kHz and 

dynamic low-voltage frequency tests were carried out between frequencies of lOkHz and 200kHz 
to identify modal characteristics. 

The results indicated that the procedure formulated in Chapter 6 for integrating piezoelec- 

tric material elements, both PZT-5H and PZN-PT, within these micromachined structures is 

repeatable. All devices fabricated experienced a tolerance match between the piezoelectric ele- 

ments and the surrounding supporting structures within ~ 1/im, thereby ensuring predictable 

"push-up" of the piston structure during assembly. Drive element devices incorporating a single 

piezoelectric material beneath the piston experienced modal "1-6" tilting behavior at frequen- 

cies as low as 30kHz. Additionally, quasi-static actuation of the devices at 15kHz and lOOOVpp 

resulted in a sUght tilting of the piston structures as they moved up and down through their 

actuation cycles. These tilting effects were attributed to imperfect placement of the piezoelec- 

tric element beneath the center of the piston and to non-uniform fillet radius etch profiles, 

characterized through microscope measurements, around the etched tether of the piston. Drive 

element devices incorporating three piezoelectric material elements experienced negligible tilt- 

ing behavior during actuation at 15kHz and lOOOVpp due to the enhanced support of the piston 

from below. For these devices, modal behavior was not observed until frequencies in excess of 

50kHz.  This sub-component study successfully demonstrated the capability to fabricate and 
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assemble these component structures for use in full active valve devices. 

Chapter 8 presented the experimental results for the valve cap and membrane sub-component 

study. A series of valve membrane structures was fabricated and inspected to ensure adequate 

fillet radius control at the base of the etched features. Pressure-deflection experiments were car- 

ried out for differential pressures across the structure of up to 200kPa in an effort to character- 

ize its non-line2ir large deflection behavior. Theoretical studies, using the non-linear numerical 

tools presented in Chapter 3, were carried out to determine deformation and membrane stress 

sensitivities to valve membrane thickness and flUet radius size. The experimental valve cap 

deflections, in response to pressure loading, were found to correlate within ~ 5% of theorectical 

expectations. The valve membranes were deflected sufliciently to impact the valve stop in glass 

Layer 6, a condition which results in a predicted membrane stress of 0.65GPa. In these tests, 

no membranes fractured. This sub-component study successfully demonstrated the capability 

to fabricate the valve cap and membrane structure required in the full active valve device and 

verified that this structiure behaves as predicted in its non-linear large deflection regime. 

Chapter 9 presented the experimental results of the full active valve testing study. The 

goals of these experiments were to evaluate the quasi-static and dynamic structural performance 

of the active valve device and determine some initial limitations in its ability to regulate fluid 

flow against imposed differential pressures. For the purposes of this study, two active valve 

devices were built and experimentally characterized. Both devices were proven to successfully 

operate as piezoelectrically-driven hydraulic ampUfication microactuator structures. For appUed 

piezoelectric voltages up to 600Vpp at IkHz, these devices demonstrated amplification ratios of 

drive element deflection to valve cap deflection of 40x-50x. These amplification ratios correlate 

within 5 — 10% of the model expectations. Although valve cap peak-peak deflections for the 

applied voltage levels were measured to be 20 — 30% lower than model expectations for the 

ideaUzed Ep and ^33 piezoelectric material coeflicients used in the design optimization chapters 

of this thesis, correlation to model results that incorporate modified piezoelectric material 

properties based on proper experimental chaxacterization of the material is within 5 — 10%. 

Flow regulation experiments proved that this valve structiure can successfully regulate fiuid 

flow at a frequency of IkHz for valve cap peak-peak displacements of 17/xm up to differential 

pressures of 260kPa. For this condition, a peak average flow rate through the device of 0.21mL/s 

was obtained under a sinusoidal drive voltage of 500Vpp. Additionally, quasi-static differential 

pressiure-flow rate curves were measured up to a differential pressure of 210kPa for the full 

range of valve cap stroke up to 33/im. The measured flow rates are 10 — 30% lower than those 

expected based on the models presented in Chapter 4. The onset of transition and turbulent 

flow regimes, which depending on the valve cap opening and the differential pressure could 

set the valve cap into self-excited oscillatory motion, was identified for differential pressures in 

excess of 210kPa.  The nature of the flow behavior (based on Reynolds number) was studied 
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for a variety of valve opening situations. The results indicate that these self-,excited valve cap 

oscillations were most likely a result of a transition flow regime between laminar and turbulence 

through the valve orifice structure, a regime which limits the valve operation to relatively low 

differential pressures below 350kPa. Overall, though, this piezoelectrically-driven hydraulic 

amplification microvalve has been successfully proven to regulate fluid flow through microscale 
channels at high frequency. 

10.1.2    Thesis Contributions 

The results presented in this thesis support the following conclusions, which address the primary 

objectives of this research: 

1. A piezoelectrically-driven hydraulic amplification microvalve is a viable concept for the 

regulation of high differential pressure (> 300fcPa) fluid flows at high frequency (> IkHz), 

resulting in significant fluid flow capability. 

2. Integration of miniaturized bulk piezoelectric materials (with dimensions less than 1mm 

X 1mm X 1mm) within micromachined thin-tethered piston structures is a viable method 

for achieving compact high frequency, high force actuation capability in microhydraulic 
systems. 

3. Linear and non-linear modeling tools for the design of active valve devices, such as this one 

which incorporate thin-membrane valve structures, have been developed. These modeUng 

tools enable accurate monitoring of real-time membrane stress levels at all locations along 

the membrane for all potential pressure loading scenarios experienced by the structure. 

Although performing short of the original frequency and differential pressure design spec- 

ifications set forth at the beginning of this thesis, the demonstrated valve capabilities place 

this device superior to any other microvalve presented in the Uterature (see Chapter 1) for 

simultaneously meeting a set of high frequency (1-lOkHz), high pressure(O.l-lMPa), and large 

stroke (15-40/im) requirements for regulating Uquid fluid flows in micro hydraulic systems. It 

is the belief of this author that future design iterations could be successful in creating a mi- 

crovalve structure that could operate at a frequency of 10-15kHz against differential pressures 

approaching IMPa. The following section details further work that could enable this design 

goal and addresses the question "What do the results of this thesis mean to the overall future 

of high-specific power Micro-Hydraulic Transducer systems?". 
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10.2    Recommended Further Work and the Future of MHTs 

The results presented in this thesis have identified a number of issues and areas which re- 

quire further development and investigation. In this section, these issues will first be organized 

into those that are deemed fundamentally critical for the development of the next genera- 

tion piezoelectrically-driven hydraulic amplification active valve to meet the high firequency 

(>10kHz) and large difierential pressure (~ IMPa) requirements set forth at the beginning of 

this thesis, and those that are worth investigating as a means to make modest improvements 

in device performance and to ease manufacturibility concerns. Once this overall list has been 

defined, each of the issues will then be discussed in detail. 

Based on the results of this thesis, it is clear that a piezoelectrically-driven hydraulic am- 

plification microvalve can be designed, built, and successfully operated to regulate liquid fluid 

flows. The valve design experimentally characterized in this thesis, however, fell short of its 

operational goals in two primary ways. The first of these shortcomings was the valve's low 

1st modal structural firequency (5kHz), which limited valve quasi-static operation frequency to 

l-2kHz. Since the original design goal was to operate this valve within an MHT system at 

a frequency of at least lOkHz, it can be stated that the valve severely underperformed. This 

is a shortcoming that this author believes can be overcome in future design iterations with 

more attention given to the important fiuid-structural couphng and added mass phenomena 

that directly afiect the valve's dynamic behavior. The second of these shortcomings was the 

unexpected interaction between the valve structure and the fiuid flow at differential pressures 

in excess of 210kPa. Chapter 9 included a thorough analysis of the related experimental data, 

resulting in the conclusion that the unstable self-oscillatory valve cap behavior was most proba- 

bly caused by instabilities within the flow regime (such as vortices) as a transition firom laminar 

to turbulence occurs. Whereas the first shortcoming can be overcome fairly easily within a 

redesign effort, this flow-induced instability issue is Ukely to require significantly more effort 

in the future (both in modeling and in detailed experimentation) to better characterize the 

fluid flow regimes that occur through these sorts of microvalve orifices and to more accurately 

capture interactions between these flow phenomena and adjacent compliant structures (such as 

the valve cap and membrane in this active valve design). 

The two issues previously discussed are the critical ones which have most severely limited 

this active valve to lower than desired performance levels. On the positive side, however, it can 

be confidently stated that all of the structural models developed in this thesis for predicting 

quasi-static valve performance (Chapters 1-5) were in extremely good correlation with the 1 

kHz experimental data presented in Chapter 9. The experimentally characterized valve cap 

deflections and valve amplification ratios for the full range of operating voltages were within 

5-10% of model expectations, a result which confirms these documented models as important 
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tools within future valve design iterations. The additional areas of recommended future work 

(in addition to the two major issues discussed above), therefore, fall not within the realm of 

active valve structural modeling, but rather within the area of material characterization and 

microfabrication. Under the heading of material characterization is, first, the need for better 

understanding of single-crystal PZN-PT piezoelectric materials and, second, the need for better 

understanding of the stress limitations within etched single-crystal silicon material (especially 

SOI wafers). Under the heading of microfabrication are a variety of issues relating to the 

manufacturability of this highly-complex, multilayer valve structure. 

In summary, the recommended future work is divided into the following sections: (1) a valve 

structural redesign phase to enable quasi-static operational iiequencies at or above lOkHz, (2) 

a major program to characterize the flow regimes through microvalve orifices and to under- 

stand the potential impact that this flow behavior has in interacting with adjacent compliant 

structures (flow induced structural instabilities), (3) further characterization of the actuation 

capabihties of single-crystal piezoelectric materials and the stress Umitations of SOI etched 

structures, and (4) the re-evaluation of user-intensive microfabrication steps and the develop- 

ment of a less complex active valve structure. These sections of recommended future work are 

discussed in detail in the following sections. 

10.2.1    Redesign for Enhanced Operational Frequency 

The modal fi-equency model correlation studies performed in Chapter 9 identified the hydraulic 

amplification chamber geometry as a key contributor to the reduction in firequency of the valve 

1st modal frequency. Additionally, it was determined that the added mass of the external 

fluid above the valve cap and membrane structure had an important eff^ect in limiting this 

frequency as well. A redesign efi'ort should be performed on this active valve to increase its 

first modal frequency to within the range of 10-15kHz. The active valve geometry tested 

in this thesis incorporated a Layer 6 HAG chamber geometry characterized by a chamber 

height of tHAC = 200pm and a series of small dimensioned through-holes and flow channels 

(with dimensions as small as lOO/xm) connecting the lower half of the HAG chamber to the 

upper half of the chamber. This intricate geometry was required in order to guarantee the 

presence of a rigid motion stop ~ 16.5/xm below the underside of the valve cap. In such closely- 

packed structures, inertial coupling between the structural elements and the accelerating fluid 

can significantly reduce modal frequencies of the system, as discussed in Ghapter 9. The 

next generation active valve should incorporate an HAG chamber with reasonable height (ie: 

tHAC = 500/jm) and without any complex arrangement of holes and channels. The chamber 

should be a single simple cylindrical volume defined on its bottom surface by the tethered 

piston and on its top surface by the valve cap membrane and top support structure. In this 

re-design, no bottom stop would be present, a necessary consequence. Based on experimental 
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testing in this thesis, the valve should still operate successfully without this stop present. The 

simplification of this chamber geometry will, therefore, minimize the effect of inertia coupling 

and allow for a higher 1st modal frequency. One may argue that a larger volume fluid chamber 

will increase the compliance of this coupling mechanism between the piston and the valve 

membrane, an argument which is true. However, the degree to which performance would be 

reduced is negUgible compared to the benefit of a higher operating frequency. Additionally, by 

incorporating the external fluid above the valve cap and membrane within future finite-element 

models, the influence if this added mass can be teiken into account in designing a valve to meet 

a quasi-static frequency greater than lOkHz. 

The modal frequency model correlation study performed in Chapter 9 also presented the 

effect of valve membrane thickness on the overall 1st valve modal frequency. It was shown that 

an increase in valve membrane thickness from i„m = 6/zm to t„m = 10/im would increase the 1st 

modal frequency of the active valve from 14kHz to 20kHz (without fluid above valve cap and 

membrane). This is based on the fact that, in general, the stiffness of a plate scales with the 

cube of its thickness. This stiffening would help to increase the modal frequency, however, it 

would require more actuation authority from the drive element portion of the valve. Based on 

the tradeoffs documented in Chapter 5 of this thesis, such a tradeoff in frequency for a sUghtly 

larger piezoelectric material volume beneath the piston is worthy of investigation in the next 

generation design. Careful attention to the potential deflections and predicted stress levels seen 

in this larger thickness membrane during actuation would be required to maintain structural 

integrity. In essence, this redesign effort should use the exact modehng tools documented in 

Chapter 5 of this thesis, but include a more rigorous modal frequency evaluation during the 

process. An additional benefit of a thicker valve membrane would be the potential for reducing 

the magnitude of the flow-induced instability (to be discussed in the following section) caused by 

the interaction of the fluid flow through the orifice with the adjacent compliant valve membrane. 

A significantly stiffer membrane structure might eliminate the severity of this interaction all 

together. 

10.2.2    Understanding of Flow Induced Structural Instabilities 

For the ax^tive valve devices experimentally characterized in this thesis, fiow-induced structural 

vibrations of the valve cap and membrane limited the differential pressure across which the 

active valve could regulate flow. Although significant analysis work was performed on the 

experimental data containing this instability behavior and although a plausible explanation for 

the said behavior was put forth in the conclusions of this thesis, it is believed by the author 

that a vast number of fluid flow issues and questions must be further investigated and answered 

before the observed phenomena can be understood fully and before the impact on full MHT 

systems can be estimated.   These issues focus on two major tasks:  (1) the characterization 
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of the flow behavior through microvalve orifices and (2) the understanding of the interaction 

between this flow through microvalve orifices and any adjacent compliant structures. These 

tasks are detailed in the following sections. 

Flow Characterization Through Microvalve Orifices 

The majority of experimental testing on valves for use within microsystems has been done 

on macroscale valves. The fluid models used throughout this thesis, in fact, were based on 

this method of testing, with the results being accepted at the microscale [2]. In order to fuUy 

understand the flow behavior as the Reynolds number passes firom zero to in excess of 10,000 

during valve opening and closing, and in particular, to understand the critical nature of the 

transition regune between laminar and turbulent flow, microscale valve experiments must be 

carried out. These experiments must utilize rigid valve cap structures that are in no way afl'ected 

by the fluid flow, and conversely, that do not themselves influence the flow behavior. In this 

way, an understanding of vortex formation and flow instabiUties can be obtained independent 

of adjacent compUant structures. Tests could be performed using many of the microfabricated 

layers used for the active valve in this thesis. However, one would need to incorporate a precisely 

controlled solenoid or long piezoelectric stack actuator bonded to a rigid valve cap (without an 

adjacent compliant membrane) which could be moved upward and downward against the fluid 

orifice. It is critical that no compliant structures exist in the region of the orifice flow so that 

the resulting flow behavior is solely a function of the orifice geometry and applied operating 

conditions. The following experimental tests could be carried out: 

1. Slow static valve opening tests, identical to those performed in the instability section of 

Chapter 9, whereby the valve cap is lowered firom its fully closed position against the valve 

orifice over a sufficiently long period of time (~ 10 minutes) to ensure flow behavior for a 

static valve opening. The valve cap deflection, flow rate, and dynamic pressure directly 

upstream and downstream of the valve cap should be measured and recorded real-time. 

Without a compliant structure (ie: the valve membrane) present during this test, an 

understanding of the relationships between diflFerential pressure, flow rate, and dynamic 

pressure can be obtained and an estimation of the laminar, transition, and turbulent flow 
regimes could be carried out. 

2. In conjunction with the test described above, flow velocimetry measurement techniques 

should be implemented to visualize the flow as it passes through the microvalve orifice. 

Vortex shedding and unsteady flow phenomena could be identified in an effort to evaluate 

the regions of laminar, transition, and turbulent flow as a function of Reynolds number. 

These velocimetry techniques are designed to illuminate and measure particle and surface 

motions using infrared wavelengths, taking advantage of the fact that slUcon is largely 
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transmissive to light with wavelenghts greater than l/xm. Such a system could allow 

observation of particles within the flow stream inside of the silicon-based valve orifice mi- 

crodevice [3]. By analyzing images using both time-of-flight and phase-locked techniques, 

quantitative measurements about the motion of the fluid could be taken. 

3. Using both of the above testing methods, valve orifices with varying types of orifice 

"sharpness" could be evaluated. The creation of vortices in these microstructures is most 

likely enhanced by the sharp expansion that occurs as fluid flows radially outward across 

the membrane. Current MEMS fabrication processes limit the degree of "chamfering" 

that can be done on corners. It is possible, though, that future microfabrication processes 

will be developed to enable smoothing of these types of orifice structures. 

With the experiments described above, a thorough characterization of the flow behavior 

through microvalve orifices could be obtained, independent from its interaction with adjacent 

compliant structures. 

Flow-Induced Instabilities of Adjacent Valve Membrane Structure 

With a detailed understanding of the fiow regimes through microvalve orifice geometries, ex- 

periments could be run to evaluate the impact of these fiow regimes on the stability of adjacent 

compHant valve cap membrane structures. The structures tested could be similar to the full 

valves tested in this thesis. The following experimental tests could be carried out: 

1. During the slow valve opening tests discussed previously, it would be very useful to capture 

instantaneous snapshots (with period ~ 10ms) repeatedly diuing the full 10 minute long 

experimental test. This would require a more sophisticated A/D measurement system 

than was used in this thesis, in which low data samphng rates (ie: 10 data points per 

second) could be used for the extended period test and much higher sampling rates (ie: 

1,000,000 data points per second) could be used for the snapshots. In this mcinner, during 

valve opening, as the valve cap transitions firom stable to unstable oscillatory behavior, 

these snapshots could capture the nature of this transition behavior. 

2. Additionally, during these tests, rather than measuring just the center point of the valve 

cap using the laser vibrometer system, it would be informative to scan over the entire 

surface of the valve cap. In this manner, tilting motion of the valve cap could be analyzed 

as a cause of any unstable fiow behavior. Since the valve cap stiffness is minimal for 

tilting motions (no net volume change beneath the valve cap occurs), these motions could 

easily be caused by unstable fiow regions around the valve cap or, conversely, unstable 

fiow behavior (vortices) could be a result of valve cap tilting. Therefore, measurement of 

the valve cap tilting could be informative. The spot size of the laser vibrometer system 
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used in this thesis, however, is too large for such a spatial measurement procedure. Micro 

laser vibrometer systems could be attempted, however, these systems are typically housed 

within microscope stage set-ups, which would limit the ability to incorporate the active 

valve test-rig and jig under the lens. Further brainstorming ideas are needed for outfitting 

such a small spot size measurement technique. 

3. In addition to measuring the whole valve cap motion during this testmg, it would also 

be beneficial to spatially measure the deformation of the valve cap membrane. In this 

manner, the onset of structural oscillations could be matched with estimated flow regime 

phenomena. Unfortunately, in the current system, the valve membrane is not in the line 

of sight of the vibrometer laser beam, due to the presence of silicon layers above and 

below. Velocimetry (to measure the motion of a moving surface) could be a potential 

solution, as discussed earlier. Or other sensing methods could be used to measure the 

dynamic behavior of the membrane, such as incorporation of piezoresistive material in the 

membrane. This method, however, would require significant fabrication complexity and 

the need for electrical lead-ins and lead-outs to the membrane, which would only fiirther 

increase the complexity of the device assembly and bonding procedures. 

4. A further interesting experiment which could be performed on the existing active valve 

design would be to reverse the flow direction through the valve orifice and determine if the 

same flow-induced vibrations occur. Since in either flow direction the orifice is comprised 

of a contraction and an expansion of similar magnitude area ratio, the flow is expected 

to behave consistently. The one main difference, however, is that over the compliant 

membrane itself, the flow will be experiencing a contraction rather than an expansion, a 

difference which might result in less severe formation of vortices. The instability discussion 

in Chapter 9, however, did include schematics firom the fluid mechanics literature that 

indicated similar vorticy fields for both expansion and contraction flow geometries. 

A further recommended task would be to develop a theoretical model for the fluid-structiiral 

interaction between this flow behavior and the compliant valve structure, using FEM and CFD 

analyses. The major problem with this, however, is that these modeling procedures require user 

input for governing flow relations. Since transition regimes between laminar and turbulent flow 

are not understood theoretically, there would be no way to instruct these programs on how to 

behave. As a result, the models would be only as accurate as the user's understanding of the 

flow behavior, which unfortunately is severely limited. 

10.2.3    Materials Characterization 

In the development of this active valve device, single-crystal ferroelectric material was the 

desired material for use due to its enhanced strain capabilities in comparison to the polycrys- 
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talline PZT-5H material. The published [4] PZN-PT material properties (^33 = 200QpC/N 

and Ep = 9.01GPa) used in the design and optimization chapters of this thesis were found to 

overpredict the actual capability of the material based on the experiments detailed in Chapters 

7 and 9. As a result, overall valve deflection versus voltage was lower than designed for. More 

detailed characterization studies should be performed on this PZN-PT material to better un- 

derstand its actuation capabilities under the high voltage and relatively high stress conditions 

experienced in these active valve devices. Additionally, further development efforts by the man- 

ufacturers of this material to improve its performance characteristics (and maintain consistency 

across different batches of material) would enable more reliable design iterations to take place. 

In general, this valve design desires a piezoelectric material with as large a ^33 and as large a 

Youngs modulus Ep as possible. 

Additionally from a materials standpoint, the reliability of the active valve device and 

its capabilities for operating against large pressures and with significant valve cap stroke are 

directly affected by the yield stress levels of the etched silicon membranes that form the valve 

and the drive piston tethers. Given a value for yield stress (ie: in the design and optimization 

section of this thesis a value of 1 GPa was used [5]), the systematic design procedure presented 

in Chapter 5 is able to generate an active valve geometry that guarantees a maximum stress 

during theoretical operation below this value of yield stress. This assumed limit, therefore, 

directly influences the resulting size and dimensions of the active valve device. Further work to 

better characterize this yield stress limit (based on defects in the etched structures) or further 

work to enhance the strength of these filleted features with possible post DRIE smoothing 

procedures would enable more compact valve designs that work at higher stress levels. 

10.2.4    Microfabrication Issues 

Prom a fabrication and assembly standpoint, this active valve device is far from a cost-effective 

manufacturable entity, primarily due to the extremely intensive Silicon-on-Insulator wafer DRIE 

etching steps for Layers 4, 5, and 7. Currently these etch procedures require tight control of 

fillet radii dimensions at the base of 300 — 400/LiTn deep etches, a requirement which necessitates 

numerous human inspection and handling steps. If etch procedures could be developed that 

minimize the depth of this etch so as to improve fillet radius uniformity across a given valve 

membrane structure or piston tether, the processing time and human intervention requirements 

could be drastically reduced. Additionally, the reliabilities of wafer-level siUcon-to-sihcon fusion 

bonding and silicon-glass anodic bonding axe far from optimal at present. Although improve- 

ments in yields on a given wafer have occurred over the course of this MHT program at MIT, 

further optimization and processing studies could only help to improve wafer yields. 

Finally, this active valve device is a 9-layer silicon and glass structure with integrated piezo- 

electric material elements. A general philosophy is "the fewer number of layers, the better", as 
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long as each of the reduced layers is not substantially increased in complexity. Efforts should be 

pursued to redesign this active valve structure to still maintain the required structural elements, 

yet do so in such a way that ehminates as many layers as possible. A further improvement to 

the device would be to find a way to create a micro-seal between the hydraulic amplification 

chamber and the piezoelectric material chamber without the need for solid annular tethered 

structures. Limitations exist now in the ability to create very deep, thin and smooth gap etches 

in siUcon. If such a thin trench could be micromachined and if a relatively compliant polymer 

material of some sort could be made to fill that thin gap, then the drive element piston would 

be capable of moving up and down in response to the piezoelectric material voltage without 

the need for these micromachined annular tethers. Of course, new problems such as electri- 

cal contact to the top surface of the piezoelectric materials and the release of a firee-standing 

piston structure present themselves. Fabrication brainstorming ideas such as these should be 

continued in an effort to progress to next-generation valve devices. 

10.2.5    Future of MHTs 

This chapter has reviewed the performance of the active valve and has outlined a series of 

future activities that could be pursued in an effort to improve its performance. In general, 

the piezoelectrically-driven hydraulic ampUfication microvalve documented in this thesis suc- 

cessfully outperforms all liquid-regulation active valves previously presented in the literatiure 

(see Chapter 1), in terms of simultaneously satisfying a set of high firequency (~ IkHz), high 

pressure (~ iOOkPa), and large stroke (~ 40/im) requirements. In this sense, the development 

of the device has been a success. However, the performance limitations observed through de- 

vice experimentation mdicate that, in order for this valve technology to be successful in the 

designed-for high specific power (~ 1000^) micropumping applications (MHTs) introduced in 

Chapter 1, significant further research and redesign is requhed. Even with the current Um- 

ited active valve capabilities observed in this thesis, however, full MHT micropumping systems 

incorporating these valves are estimated to operate with specific powers between 25-30^, at 

least an order of magnitude larger than the best micropumping systems (2.5^) presented in 

the Uterature and detailed in Chapter 1. With this future work, it may be possible to realize 

an active valve device capable of operating at the desired quasi-static operational firequency 

(> lOkHz) and high differential pressure (> IMPa), enabling it to successfully regulate Uquid 

flow within the higher specific power MHT systems. 

As detailed in thb chapter, a structural redesign effort should be pursued, incorporating 

updated finite-element models with inertia coupling and external fluid added mass effects, to 

achieve a valve design with quasi-static firequency in excess of lOkHz. It is the belief of this 

author that, by simplifying the hydraulic amplification chamber geometry, increasing the valve 

membrane thickness, and increasing the piezoelectric material volume beneath the drive element 
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piston, this frequency enhancement could be readily achieved while maintaining similar stroke 

capability. However, this guarantees only that the structure can successfully operate as a high- 

frequency microactuator against a constant external loading. It is the difiFerential pressure 

applied to the device, and the resulting fluid flow through the valve orifice structure that will 

most likely limit the flow regulation capability of the structure, as observed in this thesis. The 

future work to more comprehensively understand the fluid flow regimes through these small scale 

orifice structures and, more importantly, the interaction of this flow with the adjacent compliant 

valve membrane structure is, therefore, of vital importance to the success of higher-performing 

valve devices for use in MHT systems. It is quite possible that by increasing the valve membrane 

thickness, as discussed in this chapter, the valve flow-induced structural oscillations could be 

significantly reduced. However, this hypothesis can only be proven through the detailed fluid- 

structmral coupling models and experimental procedures recommended in this chapter. It is, 

therefore, the belief of this author that this microvalve device can be successfully redesigned to 

meet the structural high frequency requirements for use in high specific power MHT systems. 

What is unknown in this stage of the research, however, is the expected nature of fluid-structural 

interaction and corresponding flow-induced vibrations of the valve cap and membrane at these 

higher drive frequency levels and higher difi'erential pressures. Future research must address 

these issues. 
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I oPr*    laP6'ln(r)    1 oP(-,a' + 2t'ln(a)) 
W.shearing(0 :---^+-—^;—--j  

C Detennine the plate deflection at i=b. TTiis is denoted Wb_sbearing. 
«>_a>iaarlng'.=coUactIaiaplifr(at:ba«r4),W_aliMriii3(r))),(?)) ; 

1 a/>(t'-2i'ln(*)-<i' + 24"ln(a)) 
Wbjhewing — -- — ■  
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M Calculate Swept Volume Due to Shearing, dV_shearing 
> •>v_>l>«rli>g:.c<>n«ot(alJvllfr(tnt(2«H*r<W_>huxlai(r),T4..«)),{v|); 

.»'^»«*.   -l"'"'(°'-«t'-'^"'-«fW)^4t'w.» 

ip Total Deflection and Swept Volume 
t Sum tfaedeflwA'oof due to beadugudriiev Into the lolalplitc deflection It f-b,Wb: 
** > 1Bi;Booll«ctnB>_b«idlBg * W-_tMirinq. fr)); 

C Sum llie dupUccd volumes due to faeodint end ilttef into tfae total diaplKod volume, dV- 
' > dT:-<3oll*et(d7_l»BdliivHt7_>hwrl>i«,)r))/ 

'^•"[]9l"("°'*'°°*''""°*''""''''''{a]'°'°'*"°'*''{«]"'"''''''°'°''**'°''''°'''"'^" 
*22 4V-76' + 4lli«o'|„(4)I,^Aj-24 4Vl,^^|t48 4Vl„(o)'-48»Vln(o)I„(i)]/(D(^*»')) 

I «a(a*-4t'o'tit'-4t'ln(t)t4t*ln(a»'] 
*l 0» J' 

Ip Substitution of Example Values 

>llb_H»liHI:.»™lt(,ob.(|.lph..l.S,.-3.15.-J,l»0.1ll.-J,«.l{5.«,m>^.JI,l»il000.-(),mib.l 
»-l««,IWI«h''3/(H« (l-ni,«2)) ,e-l/2/(ltira),«.))); 

jrajXtt/ftfi:-.98657473 2573098211629339004226204575890 10' 
> '««'_»»»Wl«;-«»«l«(«b.((UpJ.^l.S,..3.l5.-S,l»iO.t.-J,l-l«5.1,lul^,22,l».1000»-«),mb.(F 

-U«,I««h-3/ (12»(l-nn«2)) ,04/2/ (Itno) ,dV) )) ( 

«'_£C(M/'i£:-.1320442285992528857571432424955844654522 lO" 
C > 
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A.2    FullActiveValve(LINEAR).mws [see Section 2.4] 

File: Fu!lActiveValvc(LINEAR).mw8 

David C Roberts 

Hiis file solves the linear valve analytical model descnbed in Chapter 2 of thesis. The inputs are PI, P2, and Vp. 

The valve behavior is calculated 

Q > KMturt; 

[> Dlgita:K40; 

Di^is :=40 

I Step 1: Define Linear Quasi-Static Relations 

Piezoelectric Material 
[^ This relation assumes perfect d33 actuation (no efTect of transverse clamping). 

ywva. :" «tp] - d[33]*VIp] -  (L[p]/«[p1)*T[pl; 

£ Tills relation dctcnnlnes the piezo chaige. 

>IflH2  :» QIpl  -  (•T[331«A[p]/L[p])»V[pl  +  (ciI331*A[pl)*T[pI ; 

Bottom Stuctural Compliaoce 
(^ Circular plate with stress imposed over centrU legion. 

> I0B3 :- Itbot] • (XlIJbot.TI) • Ttpl; 

[[ 
Drive Element Tethers 

> tas4 :• <[ts1 • 
(Xl[I!t«<a>p,P]«Ilt«tel>ot,r])/(ja.llt.top,n+Xi[I!tebot,rJ)*(AIpl*T[p]-»[pi«I*PtHllC])   - 
(XI [£t«terp,P] *Ii tltabot.Pl) / Pti [Sit»top, Fl+11 [«»l>ot, P]) *P [B»el ; 

"ja!<op,F'*'"2)rk*,f "ZMttp.P'^~artxil.P 

> igilS   := dV[tal  = 

(xit<«rt.top,r]«xi[it.i3ot,p])/(JtitJ:t.i:pp,iri+ii[2tibot,r]i*(A[pi«T[p]-»!pi.]«PtB«:i) 

(jat<matop,Pl*XlIdvl:«bot,Pl)/(n[iWt«l<^,Pl+Xir<Rft«bot,Pl)»P[B»Cl  * Atpl«I*r[t«]; 

EQm-Z,'- 

EQN5:=dV^: 
•^dyiirjp.F—Ziiipr.p'^f^p    ^tti'HAC> 

-*A,.Z. 
"iVHlep.P        iVlibol,P 

Drive Element Piston 

r > K»6  :- Itpl.]  - XltIpl.,U*TIpl   - Xi[Ipi.,PI«PtH»Cl,- 

[ mis--z^'^^,T,--^,^_pP^ 
[> vmrt :- <»ipi«i - ii[d»pi»,il*itpl - xi[<nj>i»,»l*rlBACi! 

T Fluid CompressibUity 

[■ > igRB  := driniiid]  - -(V(H«CI/Kt«l)*(»IB»':l)! 
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[[■ 

Tap Scnictanl ConplfaMci 

[> Kara :- Ktopi . in«tof.,»]«»[s«c] ♦ xiiitop.n'rt™]; 

p > VnO   :- dVttop]  - Xt(d»t«p,»]«»[mci   + ll[<Wtop,FJ»T(wi]  + A[««l*Ittop); 

>ia»ll  :>r[<m1  . (»[.»]-»tml)M»t«Ml-»tIl) ♦ »|Tc]«(t(nel-»[ll); 

£e«" :- F_ - M_ - /(,) ( P„^- /•,) + ^, (/>^- />,) 

Ip Valve Cap/Membnuie 

Nolc: I have iiidiided Ibe coonlunn 10 vidve cap ikOeclKii (tie 10 lop ctaniber dtflectioii. 
Tbe coiR^ndinl votame couriliUioii i> already iocludeil in Ibe Top Suuctuial Compliance 
aedioD. 

> lOni   :- l[»<ll  • XlII»c,»l«(F[DeI-lI2])   + HII»c,n'F[»cJ   ♦ Ittop]; 

>W*a3 .-. <nr[«i - xi[(Wm,fi'(n««c]-ft2i) + xit«^.,»i.T[TOi + »[„i.r[»ci.- 

«eW3:.rf>-_.E,^,(/'^-/.,)tE„_^,F„ + ^^Z, 
> lOai :. »[«] . (»[«»CI-fIl))«A(vc]! 

Ip D<nettln, Swept Valaau Caaicrvatial 

C All anidunl dencctioiif and iwep4 vohimea an denned to be potidve in the upwaid diicaion. 
r > ions  :. Itpl + Iliot) . i(t»]  + Itplal, 

«eW5-z, + Z^=Z, + Z„ 
«  :- 0 . dir[U]  + tfrtplal  + <Br[n»l<lJ  - <lV[top1  - d»[»«l; 

1^ Otter RelaUaof 

C Vaiiabki ai ftioctiona of other vari^ea. 
[> agn?  :- I[da]  - I|ta]  * Kpla]; 

£eV/7:-Zj,"Z, + Z^ 

(pStep 2: Deflae Geometric/Material Parameters 
C Geometric Panmoteia: 
r > »[»«!l:-0.3la-3: »t»l :^.ai).-3:  timl ;.lOa-«: a[re) i^lmrrcl'j; At»«l :.»i*»t«l«2: 
I.     t(Yc]:-<00a-<: 

[> l[yl:-la-J:  «tpl."la-3:  »tpl :-«l*«lpl'2.- 

[>»[l>lal:-3»-3: «te*I :-3.225«-3; t[pl>3 :.«OI>a-C;  titopl.) :^0a-6:  t[l>ott.l :.10.-«: 
Atpl«l:^l*»[pl.)«2: 

[ > tlbot] :-I000a-(: 

[> at«lcl:M00a-«: V[a*C) ;.Pi««te*l-2'»tB«Cl  ♦ »l«(»r'ml-2-«lvo)•2)•![»<:] ; 
[ > tttopl :.1000a-«: 
t Material Panmeten: 

P«g«2 

[[' 
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L[ 
>dC33]:=2000a-12:  •S[33] :<ie.4a-12:  aZ[33] :=llla-12: X(p] :=l/alt33]: 

«t33J:^(33J''2/<UI[331-tf)[33]): ll«ll-.-165.9; ini[.l] :-0.22: K[fl :rt«9: .Iph.[.« :-l.25: 

I Step 3: Calculate Linear Plate Coefficients 

Bottom Stttctural Compliance 
Orcular plate damped at outer radius (r=a) with stress imposed over centra] legion (t=0 to r=b). 

Positive deflectioa is upward, wlKteas positive stress acts downward Hiis relation includes 

, bewfing and shearing effects, see BotlomChambeiPlate(WORST).mw8. 

[ > •j»:-'di«{l/r»<U.«(r«<llff (t(r) ,r) ,r) ,r)=a(r)/I)': 

£ > 9Jlb (r) :=-Tp»Pl»r'2/ (2*Pi*r) ; 

02(r):.(llit(Ql(r),r))/r: 

Ibot_IIbJb«>dlnj(r) :«ijit(a2(r) ,r)-Ka: 

[ > BCl:>E*iabs((zt<43},Zbot_0bjMiidin9(r}}:::Zb_fa«cditig: 

[ > BC2:-raba«z>^},<U.ff (a>ot_0bj3«Kliii3(r) ,r))>dQ>_Ii«idlii9: 

[> BC3:atlba((i:^),dMf(dlff{Ibat_0bJ>aiidlii9(r),r),r)  -f 

litl/r*dl« (ZI»t_Cbb«iuUii9 (r), r)) c<32a>_lMllding: 

[ > a<p:"'dlH(l/r«dlff (r«diM(S(r) ,r) ,r) ,r)=<!(r)/D': 

[ > (U>*M :"-lJ>*Pi«b»2/<2«El«p) : 

> alW:-(liit(^b«{p)/D,r)«4)*r; 

Q2(r):«(tot(01(r),p)«5)/r: 

Xbot_b«_baliiliiig(p) :>=int(B2(r) ,p)4<:«i 

[ > BC4:<n8Tib8({r»a},Xbotba_baiKUng(r))»0: 

[ > BCS:»mib8{{r»a),diff (EbotfaajModln^Cr) ,r))nO: 

[[ > 8CC:=<ubs((z=te},zbatJbaJbaiMllag(c)}»Zb_bandlng: 

[ > BC7:=aQba ({r<S}} ,dl£f (Zbot_b«jMndln9(r} ,r) )=dzbbaadin3; 

F > BCa:-atlba((n4>),dlff (<li«(I2>otybaJbandls9(r) ,p) ,r) ♦ 

[     nii/r*dl££ {Zbotbajoendlng (r) , r)} =d2&b_bandi9g: 

[> 8atl:t»80lva({BCl,BC2,BC3,BC<,BCS,BC6,BC7,BC8>,{CI,C3,C4,C5,Cfi,Zfa_ba»lin9,dZb_faandin9,( 

22bJ>aiidliq)): 

£ > 2bot_0b_BEIIDIllS(r):-coIl«ct(subB(S«tl,2bot_0b_b«ndlng(r}},{D,1C]p}>: 

^ > GbotJba__BER01HG(r} :ecolIaet{aabs{Satl,Zbatb«jMmdlng{r}} .{P,P}): 

[ > i«l>otJ)b_BHIDI«0:=collact(ai«pllfirtlnt(2*Fi*l*IbotOb_BraDIllB<r) ,r=0. .hi) ,(TpJ) : 

£ > <iWbot_ba_»t!IDIllO:=collaot(«li5>lify(int(2*Pi"p«Ibot_b»_B«llDIHS(r) ,r=*. .a)) ,(Tt>)) : 

[ > «qn«:"='lU«(r{p) ,r)—alpha«5_(p)/G/h': 

[ > O>ot_0b_ahaarlii»(r) tssintC-alisha'tLObdj/S/brrt+OT: 

£ > BC9:=aid»a({r^),Zbot_0b_abaaxln9(r))sZb_ahaariitg: 

[> aqn4:»'diM(I(p),r)"-»lpba»!l_<r)/0/h': 

[ > Zbotba_abeailn9(r) :-=li>t(-aljih«*pJb«(p)/e/h,r)-tC8: 

[^ > BC10:=«stlb«t{r=a),aH>tba_»haaria9(p))=0; 

f > SCll;«auba{{£=^),Zbot_ba_ahaarltig(r))=Zb_shaazizi9; 

f > 8at:2:»aolva«BC9,BC10,BCll),(C7,Ce,ab_ahaarliig)): 

[ > 2botja>_8axjutI11C(r) :«ieoIIact(Baba(Set2,Zbot_0b_8be«rlng{r)} .iO^Tp)): 

[> 13>ot_ba_811EARI»G(r):»ooUaet(aub8(Sat2,EfootjM_ahaazlii9(r)),{0,Tt)): 

Pige3 
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[ > d»bot_0b_tllI»«I»S:-oollK*(.tapllfY(liit««»l«r*lbot_0b_I«ttmill8(rJ,rrt..b)),(Il>)): 
[ > «b<>t_b._i«»milO:.(joll«jt(.li(aity(liit(I«»i«r«B>ot_b._i»l»iai«!(r) ,fb. .•)), (ip)) : 
[ > Ibot_a>(r)!-eoUa<it(Cbot«>_BBDiae(r)  ♦ >bat_Ob_nEUI>S(r) ,(!)>)): 
C * ""ottaW :-ooll«*(lbotJb._lI«>3»0(r) + Bx>t_l»_BBUtI]n(r|, (tp)); 

> iiVliot:-ooll>et(<nbat_abJB>OnB ♦ <fn>at_l>a_l(IOIlM ♦ <m>ot:_ob_aiiuna ♦ 
4«>at>i_nc>]mn,(tt>|): , 

> Zi[Ibi>t,TI:-ail>a((i^,lt>-l),n>ot_Ob(r)); 

Xltlbot,I);-.».lt<n4>.(i,rt[<4iJ,b.«tpl,«ll*»^I>hm(.l),hirttl»t),t«[.i)»t[l«>t)*3/(12«( 
l-I«lt.ll»2)),»«(.l]/(2«(ltM,[,l]))),Il(a«,t,T))); 

■ <-»^^A4>-^l]] 
I   I et(l-2ln(Mt21ii(a)) 

'■       U      . D "4 C» 

-»,r^-'212I99372749O8367532623I6874722!413523«10" 

1^ Drive Ekwal Tcltcn 

TOf TETHER 

AiiniW plaU cluiiped u oulcT ndius (n) illd (Uided 11 iiuier ndiiu (iH>) with pioaiit: Ifiplied 
dowDwud over tether lod raDcenlnted foiw ■pptiod upwwd it taoer ndius (r-b). TTie^e itltfiou 
iodude bending efledj only. Me TetiietToplmwt. 

[ > «in:-''ll«(l/r*iIlff(r*dlM(«{r),r),r),r)Hl(t)/D': 
[ > S(x):-rtt<>pta)/(2«H*r|  - IUC«Pl>Ir'2-l/'2)/(3*pi*r): 

> 01(t) :-(latM(r)/l>,r)tCl)»r: 
02 (r) :-(lnt(Sl(r) ,r)4C2)/r: 

IutlMxl_l»alii>g(r) :-aj>nnd<liit(02|t) ,r)«a): 
[ > ■Cl:-nl>a«rw),ltathul_b«i<ling(r)l-0: 
[ > ta-.-nifUi-m) ,din(It*tliul_buiUiig(x) ,r) )i*: 

[ > K]:-nba«xi4i|,dUf(ttathulJiuidln(|(r|,c))-0: 
[> ••U:.«>l'«((lCl,IC2,»(a),|Cl,C2,C3)): 

[ > It«th«l_lB«Dl»U(r):-ooll«rt:(rtb«(»«tl,lt«th«rl_b«idlii«(r)),(F[topt«l,D,»«»C)): 
[> «t«tll«l;-oolU<It(.l»plUy(.Ob.((.*),Il.tll.rl_»EIIDn«!(r))),|r[topt.),D,»li»C)l; 

" > <«"«a»rl_»««DI«B:«»ll«:t(.l.pll«y(li,t(2«»i«r*It«th.plJinini»0(r),!*..«)),(H,r[t<».t 
•l.s.mc)): 

>Xi|«t.toi>,FJ   !- m*.((pmoO,T[topt.I-l),ltrthMl), 

lltIt.top,n ;-wr.lf (rtb.({««(ch] ,bi«rpl.l .h^Itopb.) ,l>«[.iJ«t[t<.i>t.)-3/(U*(l-mt.lJ 
»2))),«ir«t«toji,rl)); 

-4*'+l«4'n'lJjjln(4)-4<i*+l6i.'ln(<i)'i'-16o'ta(o)t'ln(6) 

Ej_, ,:• .33585«OO9O«22t9257522648024ll427475(M821 lO-" 
> Xi[Itatop,Fl   :. -nb.((raiu>l,r[Ui>t»1-0),lt«tkarl); 

Xltlt.toj),H :^v«lf (.ab.({.«[<ij ,b«[pl.) .hrtltopt.] ,tX[.lI«t[t«»«»J-3/(12'(l-nu[.l) 
*2)(l,Klt«t«top,»l)), 

=a«r.f^^|7«''"'-3»i*-5lo'i' + 4lt»'j'lii(o)-4«i'ln(»)<i' + 4ic6'<.'lii(»)+l«K6'o'ln(4)li|- 

rtgt4 
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;o'-4lt<.'4'ln(<.)+!6nn 111(a)'i*-16 Jo'ln(a)4'ln(4)j/(n(o'-i')D) 

-zu^r ^ •7246716g55091782«5«»8385470407258607940 10 
> XlIifft«top,F!   :» mib«((SB»O=0,»Itopt»]-l),cIVt»U<<u!l_BraDaiG); 

XiI<Wt«top,T] :=«iai(.Ub«(l«=«i:cliI ,b-*fl>i«l ,h=t[toi>t»] ,»i«I«l]*tttopt«]'3/(12«(l-mir«i 
l«2))I,Xll<m.top,n>); 

-I-48 a 

,.-—!-[-12i*lii(')<i'+24''«'4~j-3'''+'2<''i'lii<»)-12"*''l»(o)-24o'6'li|-l 

'to(a)'4S48a 6'li|-]ln(o)-48a'ln('')»'l"i(')+15<"'»' + '»S"'l«('')''*l"<')-<«»'''"'>47)'»('') 

-48<i'lil(»)'6'-216'o'+12 6'<i'lii(») + <>i'j/((<i'-i')D) 

2^,^ ,:-.724671685509I782654«983854704«6784 lo" 
> XlE<mwt<ip,V]   :n -■iilw{(eaA01,r[tcpta1-4),dVt*thw:lJBEHDXXG); 

Xi [<fft«top,»l :=.»«lf (.lib.C(«=at<*l ,>i=«[pl»I ,Ii=*tt<>l>t«] ,D=*[.l]»ttti>pt»l*3/(12*{1-ixuI.i 

J'>2))),Xl[im.top,»)))! 

=iin,,,f^~||2<''»'4~]+°'-<*"V")»^'<') + 48<>'i'li|-]lii("i) + 48<i'ln(<>)'i'-24a''i'lJ- 

+ 24<i*i*-10a'i'-48 4*o'li/-]lii(S)-48a'lll(a)'4* + 48j'lii(o)i'lli(i) + 76'-22«V|ltj/( 

(«=-4")D) 
Sj„^,:-.16720I4327S950255016698984U(;7751255512710'" 

BOTTOM TETHER 
Annular plate damped at outer tadius (i=a) and guided at inner radius (F=b) with concentrated 
force applied upwaid at inner radius (i=b) and pressure over annulus. TIKSC relations include 
bending effects only, see TcthcrBottomS.mws. 

[ > •qii:='di«tl/r»dl«(r*dift(a(r) ,r) ,r) ,r)=<!(r|/D': 
[> aWi"*Il>ott«l/(2*Pi«r)  - ra»C*rl»(r>2-b>2)/(2»Pi*r): 

> al(r):"(lntM(r)/D,r)«a.)«r: 
02 (r) :=(int«l (r) ,r)+ca) /r: 
Zt«th«2_bm<llim(r) :»«i«>ai>dtlat(S2 (r) ,r)K3): 

[ > SCl:-nl»«i=i».Itatlur2Jbui<iiii7(r))>0: 
[ > BC2:-nibs((cn),<U.ff(»:»th«c2Jb<ndlii3(r) ,r))=0: 
[ > BC3:=»tlb.((r=*l,<ll«(Itath«r2_l»idliig(r),p))=0: 
[> S«tl:=solv««BCl,BC2,BC31,(Cl,C2,C3)l: 
[ > 2t«thep2_BI»DIlI0(rl :«a>ll«ct(»iib.(S«tl,It«th«r2Jb«Kiliig<r)) .ClbotAa) ,l),PaxC)); 
[ > llt»th«2:»o<ill«ct(«lii»iU(;y<»iib«((p=i>) ,«;t»thar2_BDIDniG(r)) ) , (FCbotteJ ,0,ra»C)) : 

> dirt«ai<sr2_M»DI110:=coU«=t(«lii5llf»(lnt(2«Pl*p«Itath«r2_BIMJllIS(r) ,r=b..«)) ,{Pi,r[bott 

•],D,saKC}): 
> ZllZtdiot.r]   :s siibn((I>HllO0,>'[bott:«]>:il),Itatlnr2); 

XitIt«aJOt,r] :=«»»l«(»iib»««-Rt<!l>l ,b-R[plaI ,tettbott«I ,D=«lt»ll*tp>ot)»]-3/(12*<l-im[alJ 

-2))l,Xit»t«bot,rl))! 
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I »i'«'-4»'+l«i'a'JjJln(l)-4,.*+16a'ln(o)'i'-l6o'li,(<i)»'lii(») 
-t^.r^-7:       r—r——  

** K(o'-»')D 

=a»-,f'-""«<l'>'"»22(»257522«8OM»U27475O4t2110'' 
> Xltltabot.f]  :•-•dia((ini>l,rtl»tt»1-«),ltatli*i2)> 

XitH»kot,»l :.w..lf (.ofc.((.«(o!il ,b*ri>l«l ,Ii-t(bott.] ,I>«t»ll*tIl»tt.l«3/(lI«(l-™[,ll 
*2))l,«ltlt«l>ot,»I)|; 

Sjj„:-Jj('«i''"'-3«i'-5«a'i' + 4«tVlii(<i)-4K4'lii(t)«' + 4«»'«'l»(t)+l««»Vln(t)l/i] 

+ ««'-4«o'i'lii(a)+16«»'li,(a)"i'-l«,o'|ii(«)i'ta(»)|/(«(o"-4')D) 

Sj.,„.--.724<716J5509l782654<»83!547O4O7258«O794OlO-" 

> Xitim»bot,Il  :-m*«((«nu>0,r(l)ott»]«l),iJ»t«thM2_iI»DI»Q); 

Xit«ft»l)ot,n:.«»«lf(Mh.(t«-«[<*l,b^[ld«l,hrt[l)Ott.l,>«(.l]»tll>«tt.)«3/(lJ«(l-mi[,l 
]*2))),zi[<ind>ot,r)))i 

-*>*,,,^-]5jM2»'W')»'t24**«'li/^]-3<.'tl2.'4'W»)-12"'»'lD(o)-24a*4'Ji] 

+ 4«»'b(o)'iV4«a'»'l/|ijto(a)-4!.'lii(-)i'li>(t)+15.*i' + 4!»'to(".)6'WM-484'a'li/-]ln(i) 

-4«o'lii(<.)'i'-2UVtl2t'.'ln(o)t94']/((o'->')D) 

=jti.»«.i'^'2<«71685509i7«265409!3SS470«)«784 lo" 

> Xl|*naliot,»l  :- -•ah.<{tB»c>l,rliott»l-0),iWt«tl>«2JU»Dl»B), 

Xi[<Wt»bot,?l;.m.lf(.i<b.((««IcliI,«»«[lJ.),li«0»>««I,I>«I«ll«t[hott.r3/(lJ«(l-BiI,l 
l-2))),rit«rtrt>ot,»))); 

2*wM./.^';;j[("''»'l47J+"'-48»'Ui(a)4V») + 48o'4'J^]lii(«) + 4«a'K")'4'-24o'4'li/-] 

+ 24o'4'-IOa'4*-484VlJ^jl,^4)-48<i'ln(a)'4't48a'lii(a)4'lii(4)t74'-22 4'o']lc]/( 

(«'-4')D) 

Sj„j,,;-.16720l4327«»255OI6«8984I1677S12555127l0'" 

O Drtv< EltmHl Plitti (More C>m|illut: HIafed Outer Clreimfertau) 
Circulv pisb; binged tt outer ndiiu (n-a) with pnmxn Kting downwtnf over et«if« plele 

(from r-0 to n-e) end Mreet icting upwtid in centn] legtoD (fiom i-O to r-b). Podlive pitte 

defkctioa H deTuied in the upwtid djtoctioa Theee reUlwns UKlude beiidiiig ud fheving 
, effecti. He Piiton(WOR^.mwi. 

[> •<|n;-'diIf(l/r*diM(r«diff(I(r),r),t),r)^(t)/D': 

[ > <L0b(r):-(lt>-»«»C)«H»r«2/(2«Pl*r): 

" > fll(r):-(lnt(O_0b(r)/D,t)«l)«p; 

«2(r):.(iiit((a(p),r))/r: 

Ipi«_Ob_b«><lliig (r): -Int (02 (p), t) +C3: 

[ > ■Cl:-nl>«((i4),Ipl«_0bb««iliig(r))-Ibba<Ua}: 

[ > ■C2:->d><({xi«),dl«(Ipla_(lb_Uadli>«(r),r))-dB>_b«>dli>«: 

[■ > »C3:-.ti.«n*),dlff(di«(«pi._0bJbMKli»j(r),p),r)  + 
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[     liu/r*dlff(Ipl>_0bb«i<ils3(r),r))>«12ZbJ>«>diii3: 
[ > •qn:=.'iU.M(l/r«dlM(r«dl*«(I(r) ,r) ,r) ,r)-a(r)/»': 
[> 6_b«(p):-Ip*M*J>*2/(2*n*r)  - MllC*fl*p"2/(2*?i«r) : 

> al<r) :-<liit(HJ>«(rt/0,i)«4)*r: 
02(1) :-(llit(al(r) ,r)+CS)/p: 
tl>l>_b«_b«idlii7(z) :>lnt:(a2<T) .rj-KJC: 

[ > BC4:amib*{{x»«l,^i«_ba_b«iKlliig{r))=0: 
F > BC5—>t£>s((i«a),<Uff(iiiff (IplsJ»_li«iulln«(r),rl ,z)  4- 
L     nii/i*din«pU_baJ»ndlii3(c),z))=l!: 
£ > BC6:««libB({l?4>},i;pi«JwjMndisg{r))«Zb_fa«uiin9: 
f > BC7:"<iib<(<z<«),dlff(I{>UJ>>_l>«>illiig(r),r))=dIbfau<iliig: 
1>acg:=niba«i4),dlff(<llff(IpisJ»_ti«Kliiig(r|,r),r)  -f 

ni/r*dl«(I{iis_l>a_b«i<Ui>9<r) ,r) )ad2Ibb«idiiig: 
[> 8«U:>»lli«((BCl,BC2,BC3,K<,BC5,BCC,BC7,BC«),{Cl,C3,C4,<a,CC,IbJieS(Ulig,dZbJ>w>di>>3,d 

2Sb_b«dii>g)): 
[> ZplsJ)bJIDDIllS(r):>°call«ct{«ab«(S<tl,Ipli_0bJ>«i<lili3(r)),<>>.1lP.>B«:)): 
[[ > I^«_bsjnQlDZHG(r) :-ooll«ct{«tibB(8atl,ZpisJ>ab«ndlttg(r}} ,{D,It,SS2IC}): 
[ > <»tl«J&jarollffl:»«oU»ct(.liipll«y(lnt(2*tl*r*Si>i«J)b_«niDISS(p) ,r-*. .b)) ,(»p,ra*C:)) : 
^ > d«^l«JUJBZlIDI»::=eoU«st(«lqpU.<y(lDt(2*ri*r*Ipl>_b«_BEllDIll&(z) ,<^..«)), (Tp.CHlU:)) : 
[> •<iB4:='di«tI(r),r)»-«^*«*5_(i)/S/h': 
[> 2pls_01i_aliurliig(r) :»lnt(-«li>h«*ft_l»>(r)/G/h,r)«7: 
[ > 8C9:Bsi]b«({r>ib},Xpl8jH>_abearlng(r})B£b_ahMrin3: 
[ > «<jii<:='iUff (I{r) ,r)="«lph»*(^_(r)/G/h': 
1^ > Ipls_b>_slw>rlli3(r) :'>ini:(-«lF>i>*g_b>(r)/S/h,E)'fC«: 
[ > BCI0:-K>bs«i-a),Ipliba_<liurli>9(r))°4: 
£ > BCll;»8iib«({r4>},Spia_ba_«b«arin9(r))teZb_aha«rin3: 
£ > 8«t2:a«ily«({BC9,BC10,BCll),(C7,C8,Eb_shaaring)) : 
[> tplB_«>_SHiaia)IB(r)::«ull«ct(«tibs(Sat2,Ei>i«J)b_almrln3(r)),<D,It>,iraC)): 
[ > ZplaJba_8EQCMtlVG(r}:»coll«ct(*abB(tet2,ZplflJbB_ahu£l»9{r)},{D,T)>,raK:}): 
r > d»Jl._0b_SinalaM:-ooll«at(«i«5>U<Y(lot{2«Pi«r«Ipi»_(»_SHI3WllIS(t),r-0..1>)),(Iti,re«:)) 

f > cIVtil<_ba_SianiIIlie:=c<>llacttBliq>llfr(liit(2*Fl*r*2pii_ba_SIIEUlIKS<z) ,1^. .m)) ,(I)>,m»:)) 

[ > IplB_Ob(r) .■•eoll«i:t(Epla_«>_BmDm;(r) -I- Ipl>J)b_SaUKI]IS(r), <Ip,IB»C)): 
[> Ipl«_b><r):=c<ill«ct(Ipla_b«_BINDIHS(r) + Ipla_ba_8B£«tIIIi:(r),{Ip,IBIu:)): 
[> Zpla_O:»atlba({rM)),call«;t(Zpia_0b_BZmillG(r)  * ZplB_Ob_SHEHtIl«S(r) ,<Iti,Ca»C))): 

> dVpiat:>'Coll«ct(aii3>lUy(<jyt>iB_0b_BCIICIHS t int>l8_ba_BIlIDIIie + iJVpia_Ob_SBiaRISS + 
dVpla_ba_SBSARING) ,{Tp, PBAC) ) ; 

>Xll[Zpla,TI   ;= a»ba((ra»C=0,Ip=l),«pia_O); 
Xll[Zpia,T) :=w™lf {anba((«=«[pla] ,b=!Rtpl ,nu=nutai] ,«lpli«=«lph«tal] ,h=ttpia] ,l>=«tall«tl 

pia]»3/{12*(l-im[al]-2)),e»B(»ll/(2»(l+nn[alI))),Xilt«pl«,!rl))! 

ATI'-'M'^ -76Vl2»^S4v*'.'-3v6S41^-li'*4M-|v»*     ,„(.,.,; ^^ .^^ ,., ^(„) j^, 

(H-v)D 4 Oh 
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>ZUII|>ls,»]   ;--nba((nic-l,1t>-0),IpU_0); 

Xll(IpU,rl .mmnlUnlbt ((•^tpl'l ,l»«[p] ,iimti[>l] ,al|>lw«lph.t«l) ,V-tlpUl ,IW[.l)«t[ 
pl«I«V(U*(l-ou[.H«a)),»«t.ll/(J«(H«it.ll))l,llllti>l.,»))); 

I an 
**•'      64 (I+v)D     4 Ch 

Hl^,^.78396573I534(»<»0909(»O9(»(»0!IO90«)90909 lo" 

XU[d»frl.,Il ..i.»ml*(.ub.({.«»[j>l.) ,1,«[I,] ,l,i.iimt.ll ,«lph»^lp|„[,i) ,brtlj>l.l ,I>«[,l]»t 

(pi>l''3/(12>(l-s<i[al]->2)),0-«[sl]/(2<(ltim[>l)))),zll[dV|>la,T])); 

= ^K„r:-7;j«l«<'*'°'D + 4«<<*'o'Dv-24oj'Dv-24oi»'D*24(.'c*ln(i.)-f24i'C»vln(.) 

■i-154'C»a'*3i'c»o'v-24»'c»l„(i)-24»'c*ln(i)vt24i'G*li/i]*24 4'c»Ji], 

-9*'c»o'-3»'c*vii'+6*C» + »*0»v]/(D(l+v)0») 

''«>..r^-229»426<33091223M27J12293201576508164«4 10'" 

> XU[<lV|il«,t]   :• -•tl>a((MIU>l,I)>-0),dVt>lat); 

Xll[i»i>l«,Fl :-nmlt(«iibl((a4(i>la] ,h-»tPl ,m>«o|aH ,*li>l»-^phatat1 ,h-t|i>i«l ,B-l[all«t 

ll>lal«l/(12«(l-na[alr2)l,»«[all/(J*(l+iit,tal]))),m[«n^,»J)), 

= 1 ™      1   «(-24aii'Dv-24aa'D-a*CAv-7a*C>) 
- 'A'-   "|92 D(l+v)G* 

-'*^.» :• ■I02™«'1"5992029«27351 H826MSU004S1M lO" 

Drive ElemeBI Piitoa (Lot CanpUail: RitM Ooter Clrcimrereicc) 

Groilar pUle eIun|Md al outer ndiiu (m) with prenuic ac^ downwaid over ertice plite 

(from 1*0 to r-a) and rtren actinf upwanl in oeiaral region (from r-0 to t-b). Pontive plate 
deflwaion is dcGjted in the upwaitl direction. TTiefe relatioRi include bending and iheating 
efleeu. 

[ > «in;"'<llff(l/r«dl«(r'<lUf(«(r),r),r),rX(r)/»'; 

[ > ft_Ob(r) :>(T|>-nac)'Il*r*2/(2'>ri>r): 

■ > Ql(r) :-(liit(H_(lb(r)/D,r)*Cl)»p; 

g2(r):>(l]it(01(r),c))/r: 

lpia_ObbMKlii>« <r) : -lot (02 (r), r) «3: 

[ > «Cl:>aub«{{ri4)),Spia_0bb«nding(r))-Ib_b«adlag: 

[ > ■C2:-nAia((r«),iUff(tiila_0bb«l>dl]>g(t),r))^>Ib_limUii«: 

[> »C3:-«ia>a((r*),dlM(dlK(ti>la_0b_l)«uIln«(p),p),r)  ♦ 

lm/r*diff (Zpla_Ob_lMrulliig(r) ,x))-d2Ib banding: 

[ > •<in:-'<llff(l/r«<Uff(r"diff(I(r),r),E),r)i<l(p)/D': 

[ >(J_b.(p):-tl.«Pl»b*2/(2»H*r)  - ntC'li'T'l/(i'ti'z) : 

> (»(t):-(l»t(((J>«(t)/I!,r)-K:4)«r: 

02(r) :.(i«t(ai(r) ,p)tC5)/p: 

(pla_l>a_l>adli>g (r): -Int (02 (r), p)««: 

[ > ■C4:-«iba((E»),tida_b«J>«Kili>9(i))>l): 
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[ > acS:-»ulj«({t-.),<Ii«(Spi«_b«J)«iillng{r) ,r))"0: 

[ > BC6:"«iili»({r*),Ipl»_i>«JJ«>diiig(r))-IbJi«n<Uii»: 

[ > BC7:><nba(<i4),diff(Ipt«_l>aJ>«itIliig(r),r))°dzbJi«»iii<9: 

r > «c«:=rtlj.((p=»),iIlfI(iii£f(Zpl.J»_b«idiii(r(r),r),r)  + 

|_     iru/r«<illf {Ipl«_b«b««Uilgtr) ,x))-d2Ib_bmi(liiig; 

r > S«tl:-«olv»{(Ba,BC2,BC3,«C«,BC5,BC6,SC7,8C8),iCl,C3,C4,C5,CS,ZbJ>en<liiig,«a>J><mdiiig,d 

2Zb bending}}: 

[ > Il>isJ»i_BEIIDIIIG(rl :<''c»Uaet(siil» (S«tl,IplaJ>bb«idiiii(x) I, (D,Ik>,irac)): 

[ > Ii>l»J>«_»SHDIlIO(r} :.collMt(«lib«(8«tl,«pi.J>«_b««ilng(r)) ,{I>,I[.,PBK:1) : 

[ > d»J>l»_Oj_«««5)Il<S:-ci>ll«*(»l«l>Ufy(lnt(2«Pi*r*«pl»_0b_BlJlDIIIC(r) ,ti*. .b)), {Ip,PBK:)): 

[ > a>puj»_fm>VK:-K:ciUcAitiaeiitiiijM.(2*n'r'ittm_h*_aaiDi*aM ,iHb...)) ,{ip,ra»c)): 
[ > «s.4:='dlff(«(r},r)^.lph.«(L(r]/0/h': 

t > «pl.Jlb_.li««rlng(r) :-lnt<-mliih«*e_0b(r}/G/h,r)+C7: 

[ > BC9:»mib»((r«b),«pUJlb»li««rliig(r))-«l>_»hMiriiig: 

[ > «jo4:»-dlff (t(r) ,r)—.L^*m«^(r)/a/>i': 

[ > lpl«_b._rtiMrln»(r) :..iixt{-tltib»tlJyM/a/ti,ri*<X: 

[ > »ca,0:-rtli.({i=»),Ipl»_l>«_»li~rliig(r))-0: 

^ > BCl.l:-«iib«((r=4>),l[pli_ba_aiiuucljig(r))-Zb_ahurl]>g: 

[ > s.t2:=.olv.((K:9,IlCX0,BCll},<C7,e«,Oj_.li..rli.sr)): 

[ > »i>i._0b_»HianiK8(r} :wa>U<K!t(«<ih«(S«t2,Ii>l»_0b_BliMrlng(r)} ,(D,Ip,PB»C)): 

[ > 2pl«J»_8mu»IllS(r) :-coU«et(niba(S«t2,IptaJ>i_>lwu:li>«(r)),(S,T^,PBkC)): 

r > d»pl._0b_SHEW«ire:=collmjt(»l«5>llIy(lnt(2'Pi«r*Ipl«_0h_aBIMaiIG(r),i:-ll..J>)),{Ip,M»C}) 

r > ilVlpi«Ja_SlIBIWJira:=ooll«ct(»l«pllfytlnt(2*Pi*r*Zi.i.Jj«_SiIE»aillO(r),r«*..«)),(Ip,«aC)) 

[ > :^l.J»>(r) :«»>ll«ct(i;pl«_Ob_BmDIl<G(r)  + lpi._l>b_smt»RIMS(r), {J^.WM}): 

[ > Ipi»_b«(r) :=eoll«et(!pl«Jb«_BI!IDniB(r) + Ipi«J>«jra»iaiIS{r),{Ip,pa»c}): 

r > ZpiaJ>:-»<ib>((r°0],ceU«:t(2pla_Ob_BZIDniS(r)  * Zpl«_Ob_SIIiaiiaiS(r) .(Ip.FSkC))): 

' > dV^iat:>oollact(ala«>lify<(nrpi«_Ob_BSHDIHa + dVpla_ba__BEllDI]IC -f dVpla_ObJSHEA&IHa + 

d»pia_b«_«BaMllG), (Ip.FBHC)): 

' > Zi2[Ipla,TI   :" aUba((PBIICM),Tp^l),2pia_01 ! 

Xi2[2pl.a,Tl:<wi>lf(atiba((a>A(plaI,b=B[p],Dua>uIal],al|>h«-aIpha[al],h-ttpla],I>-I[alI*t[ 

pia]»3/(12«U-nutall"2)} ,OrtI[.i]/(2*(l+natall))},X12[Zpla,I])) ; 

3   4    111     ^   /*! < 
"64* '*"l«' " *16H"'   '      I a(-j'+2i'li.(i)-21il(o)i') 

-^W""                         D                            4                        G* 

=V r-" ■7888483668699864076767250O30356O35147I67 10'" 

' > zl2(Zpia,Pl   :<■ -aiiba«CBlU>i,Tp'0),Ipla_0) : 

Xi2[Ipia,Pl :=av«lf(a>iba({«=«Ipl«],b=Rtpl,no=notail,«lpha=alpha[all .hstlpla] ,0=BIalI*tI 

piaJ»3/(12*(l-niltair2)).e=I!tail/(2*(l+imtail))),X121Spla,H)); 

-Vf   64D"4C* 

22,^,:-J23IXS374289T7272727272727272727272727273 lo" 

■ >Xi2[i»pla,T]   := aoba(|P8A0«0,Ip-l),<«piat); 
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X12t<«»*l«.I1 :-»»«l<(«b.((»«(i.l.l,l»«[pI ,nii-nii[«l) .•lplu-<li4u[ai] .brtlpl.) ,o«t«ll*t 

Ipl.l«J/(12»(l-«ut.lI''2)),0«I.l]/(2«(l+im(.ll))),»iatdVi.l.,t))); 

I 

>l«a»VD-24aj'D-3t'c»o' + 244'c*lJjJt34'c«o'-24 4*C»li.(i) + 24j'c*ln(«)t»'C»] 
/(DC*) 

E2«>.,r:-«M19»3I034201623I«3513««30M273S516210" 

> IU(il«|>i«,l]   :• -nAa((MDU>l,T|>-«),ink>l>t)l 

Z12 [d»l?l.,f 1 :-n>].<(aiil>a({a«[pl<] ,ta-ll[p] .nuamttl) ,alpka-llrlotal) ,h-ttpl.] ,I«f.tln 

tpl»rS/(U«(l-mit.ll«2)),0«[.lI/(a«(l+i»iI.l]))),ltU[ivi,l,,»I)), 

C2 ..      1   ll(-»*C*-24aa*D) 
""I*'"" 192 DC* 

-V^.c-"-234'51<'2501«54026%4«32223282<2196279<10'" 

Drive Elcmnt Uttn (Av<n|<il CsapUaicc) 

Tliu Kction ■vengef the oompIiMKCi effecti rnm the previous two MctioiM oa tk piMOD. 

In leatity, tfae tcthett an cooipliut enough thu they doa't provide ■ rigid boundiiy condition 

■t i-t, however they tie not Mft enough to provide ■ hinge tbeie either, nwrefote, the oompliaoce 

ii ttwiiied u die Bvenge of the two. Thii etTect has been thown with FEM. 
> nraUo:>«.S; 

DErallo -.' .5 
> a[«pl«,II   :.  (l-iai«tio)*Hl[«pl.,Tl  ♦  (I»rmtl<i)«I12Hpl.,Il; 

=j4 ,:-.I37744921914271368O40399T7303O833O787445 lO" 

> Utlple.rl   :-  <l-IIInUo)>ZlltZpi«,C)  +  (Illr«Uo)*ZU(Ii>la,p]; 

24^,:-.SO35147372IS9O9(»O9(»09O9(»(»09O9(»09O92 lO" 

>Xilt1piM,'t)   :- U-I«i«tlo)'JllI<»Hn,Tl ♦  0>Er«tlo)«XiJ[<«j.l.,Tl; 

-«>»r~l<'">l''"'''2'l2«4293779035229415«777490I0" 

> Xit*Ifrl«,H   :-  (l-DEr>Ua)*Xllt<n)>la,>l +  (I>Ir«U.o)*Xi2[«))>la,r]; 

'/w.f'^ ■'"''"*"''*"" "2''I"*'''24M3221I207317 10'" 

Top Stndaral Compliaace 

Annular pUle clunped at outer ndius (i>t) and free at inner ndius (i-b) with i preanue ipplied 
uodemeadi plate from r-b to t-a and a ooncentnlcd force applied upward at t-b. Positive plate 

deflection is deTmed in the upwanl direction. Ttiese idationa include bending and aiming effects, 
, tee TopChamberPlatcmwa. 

[ > •<|n:--dlM(l/r>dm(r*dUf (I(r) ,r) ,r) ,r)^(r)/D': 

[> fl(r):^*^(a«H«r)  ♦ »B»C«H«(r'2-h"2)/(2*Pl»r): 

I" > 01 (r) :-(liit(fl(r)/D,r)*cl)«r: 
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I      Q2(r):-(li.t(Ql(r),r)«a)/r; 

L     «top_lJ<mdi»g(r):«liit(a2(r),r)-tC3: 

£ > BCl:««ttb«<{r=»),Itop_bffnriing{r))cO: 

[^ > ac2:=iait({l=»),iittattifjimaiiix>l(t) ,rl)=ll: 
[> BC3:»i*»<{r*),<li«(<Uff(«topJ>«ndlng(r),p),r)  + iiu/p*iUjtf <ltop_limiding(r) ,r))-0: 

£> S*tl:-<olv«((BCl,BC2,BC3),(Cl,C2,C3)): 

[_ > ztopjmisilietr) :=casll«a(«tan(««tl,Itoii_li«<i<li»g(r)), (rvm.s.PBV:)): 

f > ltopJ)«»d:>.coll.ct:(«laplifrtMib«({p=S>l,«top_BniDI»0(r))),(lHin,I>,raa<:)): 

[ > <Wt<>p_BDIDIl<0:-coll.ct(«li5>Uty<liit(2«Pi«r««tap_BltlIDIlIS(r) ,i-b. .•)) ,{ti,»»=i,D,PHIlC)): 

[ > a<p2:«'<U.M{«<p) ,p)—«li*««aW/<i/h': 

[ > •top_«li««riii»(r) :.lnt(-«liih««g(p)/0/h,p)«M: 

(^ > BC4:=m&s((F3ft),ztop_afaMXixig{x)]nO; 

f > Sat2:aoln((BC4),<C4)): 

{[ > sti^__8HnKniG(r) :«suba(S«t2,2top_sliMrlD9<c}}: 

£> xtop_abwr:-eoU«ct(»lii«>Ufy(snb<((r«),<t(:p_SEIua»:{c))),(IHai,ira»Cl): 

[ > d»t<>p_8BfflUUllli:>=»»ll«<!t(«liij>llty(lllt(2*rl*r«ltoi._SBMIlIIIS{r) ,«=*..«)( ,<rm,ra»C)) : 

d > zt<^l:a«>U«ct(XtcpJi«&d + 2top__ahMr,{iV»,V&M:)); 

Q > d»t<>I>l:-c»ll«!t((«»tl>p_BI10)IllSt<Wtop_SBEHa!IS,{r<lo,ra»C)): 

>XiIXtop,PI   := •llb•((ra»O=l,»yl«=0),It<^l),- 

Xl{^tap,>l -.i^mlf OiHu «>^t°>>] ,b=a[iiml ,liis=nnt«il ,>lFha=>ll>luI>l] ,h-t[t<>p] ,I>«I«iI*t[t 

<^] "3/(12*{l-im[.iJ-2)) ,B-«t»ll/(2*(l+ral.il)) 1 ,Xl[Stap,»l)) ; 

=2^,?=-—|3n6'v-lt»''<.'-I6ji*o'lii(i)li|-|v-16lt4'n'lii(i)!ii-]+4no'vi'lii(<i) 

+ 16 It <j'lnCa)»'lii(6)-16 no'taC)'**'-4"*'"'^W")*'It*'* 4 "'*'"(*)'''*-no'v-4lt6'o'lii(6)v 

+ 16i[o'ln(o)vt'lii(4)+llo'-7lt»'6'-16ua'lii(a)'6' + 4no'6'ln(o)-7lti'o'v + 5lt4'vii' 

+ 20n6'<i'lii(<i)-4iii'<7'lii((.)-20it6'lii(4)<i']/(lt(-ii'-i-o'v-j'-v4')D) 

I a(-t'»+2i'lii(t)m-a'»-2i'lii(o)lc) 

■"■4 C*lt 

=j^,;=.l4425107636O4S47433456380O46OS624857302910'" 

>Zl[Itil¥,F]   :- •d»(<>S>O'0,rm-a),Itopl); 

Xl[ttop,r] :-«v>lf (•iib»((m>«[ch] ,h-R[y»il ,oi»«ii[«i] ,«il>h»-»lph«[«ll ,h=t[topl ,D-I[«ll*t[t 

op]"3/(12*(l-na[«il''2)),0=«t«l]/(2*»+">°I»iI>)l.'tlt«"!'.^))' 

i^,--—|8vi'<i'+16o'lii(o)'t'+32 6'ln(J)a'-32o'lii(a)6'-4vo'-4v6' + 4a' 
*•*.'       64^^ 

+ 16 4'o"lii(6)lJ-jv+16i'<i'lJ-|lii<i)-I6oMn(<7)v6'lii(i)-16i/lii(o)j'ln(6)+16o'lo(o)'v6' 

+ 8(.'<i'-12 6'|/(ll(-o' + o'v-6'-vi.')D)H 
la<-2ln(i)-l-21ii(o)) 

4 GAn 

Sj^,:-.1775479105428133086725272014729944768799 10" 

> Xlt<m»p,E)   := •lIb•(^PH»c=l,P»IlI=0),^^re<>pl).• 

Zt[dVtop,P] :~ralf (■rabi((»=R[ch1 ,b=il[ra] ,sa=ni3(sl] ,mlpha=«lpl»[sll ,liF=tItop] ,B«[«i)«t£ 

t«i.r3/(12*(l-i»it«ll-2)),s.l[.l!/{2*{l«»i[.ll))),xl[iwt<>p,?l)); 

Page II 
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-«^.f'--'J^[|-2«*''-"*■+«'+I2"'*'*2i'o'-4«o'li,(o)v»'ln(i) + 22a*vi',. lOo'vi" 

-24o%t'-.'v-7vi'-4«o*4'lJ-]vhi(o)t4«o't'J-jjvln(4)<-4«o'to(o)vi*lii(4)-M»'o'li/i] 

-4«<.'W<.)'t'+24a'6'li|-j+4S<i'liKo)'s't48o'to(«)'4'v*4».'ln(")»'h(»)-«"'»'li(7]to(«) 

+ 48 »'a" J-jln(4)- 41 a'W")»'W*)- 41 o'to(")'t'V -Mo'6*iJilv t 24«• »'l/-]v - 48 4'lii(")«' 

t48tVt)A]/((-.V^v-t'-,t')D)-|'"*'''°''-°''-"'"«»''°<*>'-'>''-<°)'>. 

E^^,:-,l<380»734<2751li9420654979054561I91«5014JI0" 
> Xltdvtop.rl  :-Mb<((M»X,Fiivl|,d<rtaiil); 

Xt[il»top,rl:.«».lf(ml>«({««(ch],I>«t«"l.t>»-«iiI«ll,«lplw.lpli.[.i],l.rtItoi>l,»«t«lJ«tt 
tci>l*3/(U*(l-ni[sl]*2|),»«I«l]/(2*U'»in[al)))),Zl(«ftop,T])); 

-»V,.^-;^-21 •'»'-"*'¥»)»'+«4iVlii(«)-J»'.'+JaV9v6't 21 4*-4! a" Iii<.)'v»' 

-24o'»'lJ-Jv + 4go'ln(»)'v»' + 48<i'»'lJ-|vlii(o)+12o'vlii('")»'-12«'v»'lii(*) 

+ 48o'vlii(.)4'Wt)-48 4Vj-^Jvlii(»)-48a'ln(«)vj'lii(6)-3o*v + 24 4Vl/-]vtI5o'v*" 

-l2a'li>(«)v4'+12a*v4'ln(4)-2lo'v4* + 48«'4'li|-Jln(o)-4«o'ln(")»'K4) + 48o'ta(a)*'ln(») 

- 48 4V J-jln(4) + 24 4V J^ J* 12 »'4'W) - 12 a'4'!,,(,) - 24 o'4'l/-]+48 a'li>(")'4' 

-48a'l.(a)-4-l/((-.'.a',-4--.4')D)-""-'°'""'-''''°<'>**'°'°'*'> 
/ 8 G4 

Si«,.r^l<'25"""''X»<'<"<5«'8004«05<248S73035 10" 

Ip Valve Cap/Membrau 

Amnlar pliu duiipad 11 a«er ndiiii (rn) aiid (uliU il imiT niliu (r4) with (liflciaitU: 
pceMnc ipptied uodenwMfa iriMe fron t*4) to !-• lod coocentnted force applied upwinj It 
1^. hdtive plale defledioa is defined in die i^iwaid diiectioo. Tfaeee reliljou oijy iaduk 

, bendflgcfleGU,MeVilveC^>Men)bnne.a]wi. 
[ > •<|n:-'dUf(l/i*dUf(c*dUt(ii(r),r),r),r|i«(r)/D': 
[ > 0(t| -.•m/a'tl'x) + »««*M*(r«S-b»J)/(J«M«r): 
■ > ai(x):>Uiit(g(r)/D,r)<cl)*r: 

(»(r) :.(lat(» (r) ,r)+<a)/r: 

m_l>adliig(r) :>wq>ud(lBt(e2(r) ,r)K:3): 
[ > Kl:»aidK((r-a|,«m_badlii«(r))-0: 

[ > •C2:.mi.((ni.),dlM(l»»_k«><Ui.j(r),r))-0: 
[ > IC3:-«iflia({r>b),dlff(I«mJMadii>9(r),t))-0: 
[> »«tl:»»ol»«((lCl,lC2,lC3),{Cl,C2,e3)); 

[> H«_llIIDI»0(r):-colUct(«ta>.(««U,Im_b«i<Uiig(r)),)l^,B.»»»)): 

[> l»cl:.coU«ct(«ln>llfj(.ub»((r*),«»«_lI(iri»0(r))),|r»c,D,»»«)): 
[ > «r«_lllB)Il«S:.eoU«!t(.l«pll«)r(l»t(2*H«r«tY«B«M)IllC<r) ,r4>. .•)) ,(H,IVe,»,Pw.)): 

Ptgel2 
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> Xi[Zvc,P]   :» •ilbs({rvo=0,PinF:l),Ivcl}; 
XIII»<!,P] :"«»iat(.ob«((«=«[TO] ,bdl[vo] ,h=t[»»] ,IW[[»il «t[™i]*3/(12« (l-imt«l]'2)) 1 .HU 
vc.PD); 

S^,-—|7n4'o'-3l»'-5lto'4' + 4l[*'o'lii(j)-4l6'lii(i)<i' + 4lt'a'ta(t)+16l6*o'lii(»)lJ —] 

+ na'-4lti.'i'loCa)+l«llo'lii(a)'*'-16llo'lii(«)i'ta(''))/("t("'-'')D) 

=2,,,:- .I2363M944S73M8358747037186342053319349 lO" 
> ZltSTC.r]   :« •tib8{{rve«l,P«iv=0),Svel}; 

Xi[I»c,»l:"<w«lf(«iib«({«=R[viii],b=«[veJ,li=ltvii>],0»»I«ll'tt»»]»3/(lS*tl-im[«ll'>2))J,IltI 

40*-16<i'to(a)'4' + 44'-8i'<i'-16ii'o'liJ— to(»)+l«'''ta('")»'M*) 

^"■"'■"ii r<(«'-6')D 
Sj^,:=.00O189130O225883O«1570S24241O818493251l8186 

> xl[dVim,P]   ;« ■tibs{(Fvo»0,Pv!a>^hdW]&_BEl)DXHG}; 
IiIdy™,»l:=«»«lf|«lib»(l«=Rt'«»I.l>-«[»i:l.>i»*I'»l.»=»I«il*tt»»)''3/{12*(l-no[«i]»2)l),XiI 

dVni.PI)); 

S_,^,:»—[|246'o'li|-|+o'-4S«^nCa)6^nCi) + 48a'4'J-]ln(<t) + 48o'ln(o)'i*-24a'6'liJ-j 

+ 24ii*4'-10»'i'-48 6«o'lii[—|ta(t)-48 0*111(0)'t' + 48 a" ln(o)6'ta(6) + '"'-22i'o'|llj/( 

(o'-6")D) 
=,^,:-.9031509650514»8818417631492096376063549610'" 

> Xit«hr»,n   :« Bib«<^rn:»:l,P»ll«=0),lWv^l._aISDIKS),• 
XltcW»l»,Pl•."m«ll;(•^lb«(<m=^l[™l,lrtB[»ol,^n>tIl^ll),IKI[•ll*t[v1ll]■'3/(^2*(l-^»l!•ll'2))),Iit 

dVviB,rI)); 

Sj^,:" f-15a'4'-94'-48i7'lii(a)6'ln(»)t484'o'liij—|lii(6)+21*'ij' + 48o'lii(i7)'6' 

+ 124'K')o'-12iVlii(fl)-244Vliij-|+3o«-48a'4'liJ-]ln(o) + 48<i'lii{<.)4'lii(')-48o'lii(a)'6' 

-12<.'4'lii(») + 24a'4'lii[-]+12» 4'ln(o) /((<i'-4')D) 

5^^,^.123630694487366835874703718634205331944 10'' 

Step 4: Solve Equations 
> S<>lllU<>Iia:>40lvs((iain,igil2,igiI3,«3H4,XaK5,XSiI6,ISX7,Xa>I8,Xail9.Eg'lll),Egni.£31112,EOHia.EQ 

»l«,B»aS,M»l«,WW71, {ZW ,TIPl ,«[lx>tl ,«[te) .PtBlCl ,lWIt«] ,Itpl«] ,<Wtpl«] ,iWtfllll<ll .Ift 

(9) ,<»tt<5>l .'I'm] ,«(■»=) ,<Wt™l .•■t»i=I ,atpl ,Itii«] 1): 
> 3oliItii>n«V«lB«»:-»»»lf{l1lb«{(P[l]=0.S»6,P[2]=0«6,Vtl>l"500),Solutions)) ; 

SchtHonsVulua :- { r,= .2231936350709793062278122870357821015647 lo', 

Z^ = -.116332972471854622381398979218214598323010'',Z, = .7522550650712129700871283613902818672634 10'', 

jy^= .1872711788601659056212980592568417325255 10'",f„= .2949951827261501434908943661858065648750, 

Paecl3 
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C,-.«(M421I«l2127622M78««19O42«M«O!352M9l0-',rfl'^.-.l52521775O7«l««(«85171O5«*!lO62M2!775IO-", 

''«4<--22179«.«922473«<537»8«lM«)lI550575499<iO,,/F.«.IJ274«07019275767519<767078I7r733M0459810-", 

Z^..1957S»»5133M35«375MlO228SOI99<J«932«lO-'.2^ = .O0OOlU727gM2<>17103«)7n0790367«M5924»«7, 

^^-.4807373O2OM7373342»3M748S120319M»O54lo",F_...O8399154105M23ll823«8O7759e»422955139809, 

2^..«3»22(»2S«93583477057293821720<i72«894O110-',2...«O162O974<55l48O13297783592»i8«7«280O78 1(r', 

JI'_..l3UI5«3755O80001I73O89S155l57l0832O7255l0",Z^.J72319e»42I2O3O2708075553839325050285O«10' 

PigeM 
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B.l    NLValveCapMembrane-CaseA.m [see Section 3.5] 

function ly,r,Vtot.l,p»l,I(,th.t.,xi,thet.ND,p.lND,.lgiui r top,.l9ma r bot,yvcmaxatr.as) 
llLV»lveCap«e»brine_C»eA(Pvm,rvc,rb,ra,tvii,E,nu,flagHL,HoT         

%NLValveCapMenbrane_CaseA.a 

tDavld c. Roberts 
JThla Hatlab coda lolvea tor the non-linear deflection behavior of the valve cap 
t/meobrane under loading PVM and FVc. The deflection, slope, 
Jcurvature, swept volume, and nenbrane stress are calculated. Case A refers to the 
tract that va are applying both loading Inputs fvB and Fvc and detenoining the 
Jstructural response. Prior to calling of this code, the user must define Pv» and 
%rvc as functions of PI, P2, and PHAC.The loadings are defined as follows: 
% Pv« • pressure differential acroas valve aeabrane - PHAC-F2 
% Fvc - force seen by valve cap » Avc* (PIIAC-Pl) 
%The plate/Benbrane is characteriiad by inner radius rb, outer radius ra, thlcltness 
%tv», and luterial properties E and nu. If tlagNL-0, only linear theory will be 
%conaldered. If flag(tL-l, non-linear theory »lll be considered. No is the value of 
%the in-plane pretension. In this file yvc is the valve cap deflection (Zvc). 

format long; 

%ttltl%l«lt%t%%%%%%tH%%%tttt«ll%l%«ttt«%%t 
%Convert Inputs to Diaensionless Ounatltlea 
t -  (tvm'it'i)/(E'tVK-4); %DiBensionless loading of pressure difference across 
cap/nenbrane 
F - (Pvc*ra-2)/<pl«E'tviii*4);  IDlmensionless loading due to additional force on cap 

%%%%«%%*%%%% 

beta - sqrt((l-nu)/(ltnu))'(rb/ra); 
k  - (ra/tvm)«sqrt((l2'(l-nu-2)*No)/(E«tvii«(l-beta»2|)); 
s - beta*k; 

%%%%%%%%t%%t%%%%%%%t%%%%%%t%%%%%%%%%%%«%%%t%ttl%%%(|%%%%%%%%t%%t%%%%%|,%%%t,,,,t„t,,t,, 
JllSection 2: Define grid spacing and coordinate transformation parameters 
%%»for finite-difference method 
%%lt%%%tl%%%%%t%%%%%%%t%tt%%%«l%%%tt%t«t%%%l%%%%t%t%%%%t%%%%t%%%%%tl%|%%%%t%%t%t%t%%%%%% 
Hpolnts-200; %The total • of grid points to use (MOST KEEP IT EVEN) 
•Ipha-l.Ol; %Grld density parameter 
phi-(alpha+l)/(alpha-l))  %Grld density ratio 
hr - l/(Kpoints-l);      »siie of grid spacing 
eta - 0:hr:l; %Vector of evenly spaced points between 0 and 1 

xl b - rb/ra; 
xl~c - (rb+ra)/(2'ra); 
xl a - ra/ra; 

%Non-dimensional position of inner radius 
tNon-dimensional position of midpoint along membrane 
%Non-dimensional position of outer radius 

%For the grid points from xi_b to xi_c, define the derivatives of eta with respect to xl 
for l"l:Npolnts/2, 

xl(l) - xl_b ♦ (alpha-l)«(xl_c-xl_b)Mphl-phi-(l-2*eta(l)))/(l+phl-(l-2«eta(l))); 
m- (alpha-l)«(xi_c-xl b); 
m2 - m'phl - m t  2«xl b; 
deta(l) - (0.5/log(phl))«(m«(ltphl))/((m«phl-(xi(i)-xl b))•(mt(xl(l)-xl b))); 

, ??f?!i" " ■"'•S'l°9<PW"*<"'*(ltphl)Mm2-2'xl(l)))/((m«phl-(xl(l)-xl bT)'(mt (xl(l)- 
xl_D)))*2; — 
end 

%For the grid points from xl c to xl a 
for l-Npolnts/2tl:Npolnts, 

xKl) - xl b + (alpha-l)«(xl_c-xl_b)«(phl-phi-(l-2«eta(i)))/(ltphl»(l-2«eta(i))); 
m - (alpha-l)*(xl_c-xi b); 
m2 - m'phi - m ♦ 2«xl b; 
deta(i) - (O.S/log(phT))MmMltphl))/((m»phl-(xl(l)-xl b) )• (mt (xi(i)-xl b))); 

. ??f?;i" ■ -"'•5^1<'5HP''l>'*("*(ltphl)'(m2-2-xl(l)))/((li;-phl-(xl(l)-xi bF) Mmt (xi(i)- 
xl_b))) 2; ~ 
end 
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%%%Sectlon 3: Finite-Difference Implementation 

%Governing equations at internal points (from 2 to Npoints-1) 
for i-2:Hpoint3-l, 

A(i,i-1) - {xi(i)-2*deta(l)-2)/(hr'2) - (xi(i)-2M2eta<i) + xi(i»*deta(l) )/(2*hr) ; 
A(i,i) - -( (2*xi{i)-2*deta(i)'2)/(hr'2) *  (s-2+1) + xi(i)'2*lc-2 ) ; 
Ad,1+1) - (xi(i)»2*deta<l)«2)/(hr-2) + (xi<i)'>2*d2eta(i) + xl(i)*deta(i))/(2'hr); 

B(i,l-1) - (xi(i)"2*deta(l)'>2)/(hr-2) - (xi(l)'2*d2eta(i) + 3*xi(i)*deta(i) )/(2«fir) ; 
B(i,i) - -(2*xi(i)'2Meta<l)-2)/(hr"2),- 
B (1,1+1) - (xi(l)'2*deta(i)«2)/(hr-2) + (xKl) "2*d2eta(i) + 3'xl(i)*deta(i))/(2«hr) ; 

C(l) - 6*{l-nu"2)*E*(xi(l)»3 - xi(i)*(rb/ra)'2) + 6*(l-nu''2)«F*xi(i) ; 
end 

%Boundary condition equations at xl_b (grid point #1) 
A(l,l) - 1; 
B(l,l) - -3*xi(l)»deta(l)/(2*hr) + (1-nu); 
B(l,2) - 4*xl(l)*deta(l)/(2*hr); 
B(l,3) --xi(l)*deta(l)/(2*hr),- 
C(l) - 0; 

%Boundary condition equations at xi_a (grid point #Hpoints} 
A(Npolnts,Hpoints) - 1; 
B{llpolnts,Npoints-2) - xi(Npoints) *deta(Hpoints)/(2*hr) ; 
B(Npolnts,Hpoints-l) - -4*xl(Npolnts)*deta(Npolnts)/(2*hr); 
B(Npolnts,Hpoints) - 3*xl(Npoints)*deta(Kpoints)/(2*hr) + (1-nu); 
C(Npolnts) - 0; 

%%«%«%%%%%%%%%%%«%%%%%««%%«%%%%%%%%%%(*%%%%%%%%«%%*%%>%%%%%%%»%%%%%%%*%%%>%%%%%%%«%««%%% 
%%%Section 4: Provide an initial guess for the theta vector (plate slope), to be 
%%%used in the finite-difference iteration procedure. 

if )c—0, 
%theta - (-0.75»(l-nu"2)*P*xl.*(l-xi."2))';    %Llnear result 
theta=xi ■ ; 

else 
theta=xi'; 

end 

%%%Section 5: Matrix Manipulation Procedure 

Niterations-500;       %Perform up to 500 iterations 
tolerancel"le-8 ; 
tolerance2-le-8; 
omega-0.45; %Under-relaxation parameter 
if flagNL—1 %Thls variable is passed into file, 

NLoption-1; %0 - Linear solution; 1 - NonLlnear solution 
else 

KLoptlon=0; 
end 

for i-l:Nlteratlons, 

Ij 
for j"2:Npoints-l %Define D vector for each iteration 

D(j) - -O.S*theta(j).»2; 
end 
D(l)-0; 
D(Hpoints)-0; 

Sr - inv(B)*D'*NLoption; %Solve for Sr 

NLValveCapMembrane-CaseA.m: Page 2 of 4 

315 



v_Sr - 12«(l-nu-2)«xi'.»2.«Sr)     ICalculate non-lloear correction t«m v Sr 
A2 - » - dl«f(vSr,0); ISubstract non-linear correction term tro«~A 
theta_new - ln»(«)«C'j %Calcul«te new theta vector 

Innerjroduct - (that«_nBw''theta)/aqrt(theta ne«'«theta_nei<)/«qrt(theta"«theta); 
length_ratlo - aqrt(theta_new'«theta_nei()/aqrt(thota'«theta); 

it (1-lnnerjiroduct) >- tolerancel I (l-length ratio) >- tolorance2 
theta " (l-ceieqa)*theta + oiwqa'theta new; 

elae ~ 
break; 

end 
end 

%«Section «: Calculate Deflection, Curvature, Strosa, and Swept Volune In this 
%%lpo8t-procea8lng aectlon. 

%PLXTE BEFLECTION: Calculate plate deflection vector from the final theta vector, 
Jualng 2nd-order forward, bacltward, and central difference Mthoda to expresa 
Itheta In tenia of M. Then, ualnq matrix Inveraion to obtain the vector tl. 
1-1; %BC at rb 
ltaattlx(i,l)  - deta(l)«<-3/(2*hr)); 
Itaattlx(l,ltl)  - deta(l)«(2/hr); 
«Batrlx(i,lt2)  - deta(l)«(-l/(2«hr)); 

for i-2:Npointa-l %Inner jrld pointa 
Mmatrlx(1,1-1) - deta(l)•(-l/(2'hr)); 
Mmatrlx(1,1+1) - deta(l)•(l/(2*hr)); 

end 

%BC at ra ~> Do not do for the outer boundary condition. He already know that 
%the deflection at ra is equal to lero. 

II - inv(H]utrlx(l:Npolnta-l,l:Npolnta-l))*theta(l:Npolnta-l); 
ll-(W;01; 
tDone 

%PIATE CHRVATORE: Calculate plate curvature vector from the final theta vector, 
%uslnq 2nd-order forward, baclcward, and central difference methoda. 
i-1;      %BC at rb 
psl(i) - deta(l)«(l/(2'hr))*(-3«theta{l) <■ 4'theta(ltl) - theta(lt2)); 

for l-2:Npolnta-l   llnnor grid pointa 
pal(l) - deta(l)»(l/(2«hr))«(theta(ltl) - theta(l-l)); 

end 

l-Npolnta;  %BC at ra 
pal(l) - deta(l)*(l/(2*hr))'(3«theta(l) - 4*theta(l-l) + theta(1-2)); 
%Done 

%PLATE STKES5: Calculate the atresa vectors in the plate. 

for l-lrHpolnta 
Sro(l) - (lc-2/(l2*(l-nu*2)))«(l + beta'2/(xl(l)«2)); 
»lgiui_r_top(l) - (E*tvm"2/ra'2)*(Sro(l) + Sr(l) - (l/(2>(l-nu"2))) •(paid) t 

(nu«theta(l))./xl(l))); "' M- 

algiia_r_bot(l)   -  (E«tv»'2/ra»2) * (Sro(l)   + Sr(l)   +   (l/(2«(l-nu''2)) )«(pal (1)   + 
(nu«theta(l))./xl(i))); "'   iK 
end 
If Biaxlslqnartop)   > iiax(ai9«ia r bot) 

auxstreas - abs(iiax(8l9Ba r top)); 
else 

aiaxatreaa - abs(iuix(al9iui_r_bot)); 
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end 
%Done 

%COKVERSION TO N0N_DIMENSIONAL PARAMETERS 
r-xi*ra; 
y-H*tvm; 
thetaMD-theta*tvm/ra;  %This non-dimensional theta is dw/dr 
paiND-psi*tvm/(ra''2);  %This non-dimensional psi la d2w/dr2 

%PLATE SWEPT VOLOME: Calculate total swept voliime under cap and membrane. 
V=0; 
for i-l:Npotnts-l 

dV{i) - pi*tr(i+l)'^2-r(i)*2)*0.5*{y(l+l)+y<i)); 
V - V + dV{i); 

end 
yvc - yd); 
Vcap - yvc*pi*rb*2; 
Vtotal - Vcap + V; 
%Done 
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B.2    NLValveCapMembrane-CaseB.m [see Section 3.5] 

function 

ty,r,Vtotal,p«l,M,theta,xl,th«UHD,pBlHD,»lgiia_r top,»lgnia_r_bot,yvc,Pv«i,«M«tressl - 
NLVilTsCapMenbraneCasaB (Fvcatar, yvc_lnpi>nd, rb, ra, tv, E,nu, f lagHL.No) 

%KLVaIvsCapMembrana_CaseB.« 

IDavld c. Roberts 

%Thia Matlab code aolvea (or the non-linear deflection behavior of the valve cap/ 
%me»brana under loading Fvcatar and a desired valve cap deflection at r-rb. The 
%required Pv» to produce this deflection and the resulting deflection, slope, 
%eurvatute, swept volusie, and nembrane stress are calculated. Case B refers to the 
%(act that we are applying a Xnown cap force (in addition to that due to Pvn) and 
%l>ipasing a cap deflection, and then solving (or the required Pv» and the resulting 
%atructural response. Prior to calling of this code, the user Bust define Pvcstar 
%aa a function of PI and P2. This Pvcstar loading is defined as follows: 
% EVcstar " »vc*(P2-Pl) 

lAfter running this code, the user can then back out PHAC using the following relation- 
% PHAC - PV11+P2 

IThe plate/nembrane is characteriied by inner radius rb, outer radius rb, thickness 
ltv», and Baterial properties E and nu. If flagMt-0, only linear theory will be 
%consldered. If flagNL-1, non-linear theory will be considered. No is the value of 
%the In-plane pretension. In this file, yvc is the valve cap deflection (Zvc). 

fomat long; 

%Convert Inputs to Dlmensionless Qunatities 
Wb-yvc_iBposed/tvm; 

r - (Fvcstar'ra»2)/(pi«E«tvm"4); %Diniensionless loading due to additional (orce on cap 

%%%%%%(%%%%%%% 

beta - 8grt((l-nu)/(ltnu))«(rb/ra); 

k - <ra/tvm)*aqrt((12*(l-nu-2)*No)/(E'tVB«(l-bata-2))); 
s - beta*k; 

%%%Section 2: Dedne grid spacing and corrdinate transformation paraneters 
%%%for finite-difference aethod 

%%%%%%%%%%%%%%l%«%%t%%%%«%|%t%lt%tt%%%%%%%%%t%%%%%«%%%%t%%%%%%%%tt%%%%t%%%%%%%%%%%%%%%%t 
Mpolnts-200; %The total t of grid points to use (MOST KEEP IT EVEN) 
alpha-l.OI; %Grid density parajHter 
phi-(alphaH)/(alpha-l);  %Grld density ratio 
hr - l/(Npolnts-l);       %Slle of grid spacing 
eta - 0:hr:l; %Vector of evenly spaced points between 0 and 1 

xi_b - rb/ra; 
xlc - (rbtra)/(2«ra); 
xi_a - ra/ra; 

IHon-dinensional position of inner radius 
INon-dimensional position of midpoint along nesibrane 
%Non-dimensional position of outer radius 

define the derivatives of eta with respect to xi %For the grid points from xi b to xi 
(or l-l:Hpoints/2, 

xl(l) - xib + (alpha-l)*(xl_c-xi_b)«(phi-phl-(l-2«eta(l)))/(ltphi«(l-2«eta(il)); 
■ - (alpha-It*(xi c-xi_b); 
■2 - Bi*phi - m t 2*xi b; 
deta(l) - (0.5/log(phT))*(in«(l+phi))/((m'phl-(xi(l)-xi b) )«(mt(xl(i)-xi b))) ; 
d2eta(i) - -(0.5/log(phl))Mni*(H-phi)«(ii2-2«xi(l)))/((ili«phi-(xi(i)-xi bTl •(B+(xl (1)- 

xi_b))) 2; — 
end 

to xi a 

;l_=-xl_'') * (phi-phi« (l-2«eta (1))) / (ltphl« (l-2«eta (i))) ; 

%For the grid points (rom xi_ 
(or i-Npoints/24^1:Npoints, 

xi(i) - xl b + (alpha-l)«(xi 
■ - (alpha-l)«(xl c-xi_b); ~ 
■2 - ■♦phi - B ♦ 2'xi b; 
deta(l) - (0.5/log(phT))«(m«(ltphi))/((B«phi-(xl(i)-xi_b))«(Bt(xl(i)-xi b))); 

, ???Mi^' " ■«''''l°'<P''l"*("'*(l*P'>ll'(»2-2*xi(l)))/((B'phl-(xl(i)-xi bM«(Bt(xl(i)- 
X1_D))> 2; 
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%%%Sectlon 3: Finite-Difference Implementation 
%%%%%%%%%%*%%%%%%%%%%%%%%%%%»%%%%%%%%%%%**%**%*"*"*«"*"»*****"**♦♦"*********"*** 

%Governlng equations at internal'points <from 2 to Npoints-l) 
for l-2:Npoints-l, 

A(i,l-1)   -  (xi(l)'2*deta(i)-2)/(hr-2)   -   <xl<i)-2«d2ota(i)   t xi(i)'detad) )/(2«hr) ; 
*(i,i)  - -(   (2*xi(i)"2*deta(i)-2)/(hr"2)   +  (o"2+l)   t xi (i) "2*lc-2  ) ; 
A(i,l+1)   -  (xi(l)-2*deta(i)-2)/(hr'2)   +  (xi(i)'2»d2eta{i)   + xi(i) MetadJj/fa'hrl.- 

Bd.i-l)   -  <xi(i)'2*deta(i)«2)/(hr'2)   -  <xi(i)"2*d2eta(i)   + 3*xi(i)«deta(i))/(2*hr); 
B(i,i)   - -(2*xi(i)"2*deta(l)'2)/(hr-2); 
B(i,i+l)   -  (xi(l)'2*deta(i)'2)/(hr»2)   +  (xi(l)"2*d2eta(i)   + 3«xl(i)*deta(l))/(2*hr); 

C(i)  - 6*(l-nu-2)*F*xl(l); 
end 

%Boundary condition equations at xib (grid point 11) 
A(l,l) - 1; 
B(l,l) - -3*xi(l)*deta(l)/(2*hr) + (1-nu); 
B(l,2) - 4*xi(l)*deta(l)/(2*hr); 
3(1,3) - -xi(l)*deta(l)/(2*hr),- 
C(l) - 0; 

%Boundary condition equations at xi_a (grid point #Npoints) 
A(Hpoints,Mpoints) - 1; 
B(Npoints,Npoints-2) - xi(Npoints)*deta(Hpoints)/(2*hr); 
B(lIpointa,Npoints-l) - -4*xi(Npolnts)*deta(Npointa)/(2*hr) ; 
B(lIpointa,Npolnts) - 3*xl(Npointa)*deta(Npolnta)/(2*hr) + (1-nu); 
C(Hpointa) - 0; 

%IMPORTAHT: Since P is an unknown, an extra column and row are added to A to solve for P 
%and therefore the added entry to C is the non-dimensional deflection Wb. 

%Define entries in additional column of A 
Ad.Npointstl) - 0;    %BC at r-rb 
for i-2:Hpointa-l %eentral points 

A(i,Npoints+l) - -6*(l-nu"2)*(xi(i)-3),- 
end 
A(Npoints,Npolnta+l) - 0;    %BC at r-ra 
A(Npoints+l,Npolnts+l) - 0;  %Thia is a meaningless entry so it must be zero. 

%Define entries in additonal row of A 
A(Npoints+l,l) - -(hr/2)/deta(l)( 
for i-2 :Hpoints-l 

A(Npoints+l,i) - -(hr)/deta(i); 
end 
A(Npoints+l,Npoints) - -(hr/2)/deta(Npoints); 

%Define additional entry in C 
C(Hpoints+l) = Wb; 

%%%%*%%*%%%%%%»%%%*%%%%%%%%%%%***%%%%%%*%*%%%%%%****%****♦********»*******»************* 
%%%Section 4: Provide an initial guess for the theta vector (plate slope), to be 
%%%used in the finite-difference iteration pifooedure. 

if k—O, 
%theta - (-0.75«(l-nu"2)*P*xi.*(l-xi.'2))•;    %Linear result 
theta-xl'; 

else 
theta*n(hoops; 

end 
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%%%Sectlon S: Matrix Manlpulitlon Pcocedura 

%%%tl%%%%%%%%%%l%%%%%|%%%%%lttll%%%%l«t%%%tttt%t%lt%%%%«ttttl%%t%t%tt%%%%%t%t%«|%%%ttt|% 

Nlter>tlon»-500;       %Perfoni up to SOO lter«tion« 
toIerancttl«le-8; 
tolerance2-le-8; 

OBe9a-0.45; %ander-relaxation paraawtei 
If flagML—1 %Thls variable is paased Into file. 

MLoptlon-l;        %o - Linear aolutlon; I  - Honlinear lolution 
else 

NLoption-0; 
end 

for i-l;lllteratlona, 
i) 
for j-2:Hpointa-l %Deflne 0 vector for each iteration 

D(j) - -0.5«theta(j).''2; 
end 
D(l)-0; 
D(Npoints)-0; 

Sr - inv(B)«D'*lILoptlon; tSolve for Sr 
v_Sr - l2«(l-nu-2)*xl'.»2.«Sr; %Calculate non-linear correction term v Sr 
v_Sr(»polnta+l) - 0; tMake » Sr the proper length 
*2 - A - dlag(v_Sr,0); »Subatract non-linear correction term from » 
theta_neii - in»(A2)«c') »Calculate nex theta vector 
P result - theta_nei((Npolntstl); %Kecord the calculated value of P 
theta_new - theta_nei<(l:Npoints) ;%Remove the P entry from the theta vector 

innerjiroduct - (theta_new''theta)/sqrt(theta new'«theta ne«)/sqrt(theta>'theta); 
length_ratio - sqrt(theta_new'«theta_nei<)/eqrt(theta'*theta); 

if (l-lnner_product) >- tolerancel I (l-length_ratlo) >- tolerance2 
theta - (l-omeqa)*theta t onega'theta ne»; 

else ~ 
break; 

end 
end 

IJJSection 6: Calculate Deflection, Curvature, Stress, and Swept VoluM in this 
%tlpoat-proce8Sing section. 

%PRESSORE Pv«: Calculate the differential pressure acroas the nembcane. 
Pvm - P_result*E*tvii"4/ra*4; 
%Done 

JPLATE DEFLECTION.- Calculate plate deflection vector from the final theta vector, 
Jualng 2nd-order forward, backward, and central difference methods to express 
ttheta in terms of ¥.  Then, using matrix Inveraion to obtain the vector S. 
i-1; %BC at rb 
llmatrlx(i,i)   - deta(i)'(-S/(2«hr)); 
»oatrlx(i,i-fl)   - dota (i) • (2/hr); 
I«matrlx(i,i+2)   - deta(i) ♦ (-l/(2*hr)) ; 

for i-2:Npoints-l %Inner grid points 
tlmatrix<i,l-l) - deta(i) ♦(-l/(2«hrn ; 
llmatrix(l,ltl) - deta(i) »(l/(2*hr) I ; 

end 

%BC at ra —> Do not do for the outer boundary condition.  Me already know that 
%the deflection at ra is equal to zero. 

« - inv(ltoatrlx(l:Npoints-l,l:Npolnts-l))'theta(l:Npoints-l); 
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H-[W;0]; 
%Done 

%PLATE CURVATORE: Calculate plate curvature vector from the final theta vector, 
%using 2nd-order forward, backward, and central difference methods. 
i-1;      %BC at rb 
psi(l) - deta(i)*{l/{2*hr))*(-3*theta(i) + 4*theta(i+l) - theta{l+2)) ; 

for i-2:Npointa-l   %Inner grid points 
psi(i) - deta(i)*(X/(2*hr))*(theta<1+1) - theta(i-l)>; 

end 

i-^polnts; %BC at ra 
paid) - deta{i)*(l/(2*hr))*{3*theta(i) - 4*theta(i-l) +theta(l-2)); 
%Done 

%FLATE STRESS: Calculate the stress vectors in the plate. 

for i-l:Npoints 
Sro(i) - (k*2/{12*{l-nu*2)))*{l + beta*2/(xi<i)^2) ); 
aigma_r top(i) - (E*tvm*2/ra^2)*(Sro(iJ + Sr(i) - (l/<2*(l-nu*2)))*(psi{i) + 

(nu*theta(I))./xi<i))); 
sigma_r_bot(i) - (E*tvm*2/ra*2) *(Sro(i) + Sr(i) + (l/{2*(l-nu*2)) )*(psi(i) + 

(nu*theta(i))./xi{i))); 
end 
if max{sigma_r_top) > max(aigma_r_bot) 

maxstreas - abs{max(sigma_r_top)); 
else 

maxstreas *■ abs(max{sigma_r_bot)); 
end 
%Done 

%CONVERSION TO NON_DIMENSIONAL PARAMETERS 
r-«t*ra; 
y-W*tvm; 
thetaHD-theta*tvm/ra;  %This non-dimensional theta is dw/dr 
psiNI>-psi*tvm/(ra*2);  %This non-dimensional psi is d2w/dr2 

%PLRTE SWEPT VOLUME: Calculate total swept volume under cap and membrane. 
V-0; 
for i-l:Npoints-l 

dV(i) - pi*(r<i+l)*2-r{i)^2)*0.5*(y{i+l)+y(i)); 
V - V + dV{i); 

end 
yvc - y{l); 
Vcap " yvc*pi*rb*2; 
Vtotal - Vcap + V; 
%Done 
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B.3    NLValveCapMembrane-CaseC.m [see Section 3.5] 

function 
(y,r,Vtotal,p.l,ll,th«t.,xl,thet.HD,p»lND,Blgm. r top.aigna r bot.yrclVcnuix.tressI  - 
HLV«l«CipMM»br«ne_Ca>eC(Pv»,yvc_li()Os«d,rb,r>,tvii,B,nu,fl«9SL,No) 

%NLValv«CBpMainbrane_CaaeC.m 

%DiTld C. Robarts 

JThla Matlab coda aolvas (or tha non-linear deflection behavior of the valve cap/ 
taMbrane under loading PVB and a dealred valve cap deflection at r-rb. The required 
%Fvc to produce thia deflection and the reaulting deflection, alope, curvature? 
Isvept volume, and atenbrane atreaa are calculated. Can C rofera to the fact that 
^.."ff 'PPlVing tVK  and lipaaing a cap deflection, and then aolving for the Pvc 
%and the reaulting atructural rasponae. frlor to calling thla code, the user mist 

% P™"- MAC-P2* "'"'''^°" ■" '"''^ "'"  f^- "'i" •^ loading la defined aa follow: 

% 
% 
% 
%The plate/menbrane ia characterlied by inner radiua rb, outer radlua ra, thickness 
Jtvii, and Mterlal propertlea K and nu. If flagHL-O, only linear theory «1H be 
Jconsldered. If flagML-1, non-linear theory ulll be considered. No la the value of 
»the In-plane pretenalon. In this file, yvc Is the valve cap deflection (Zvc). 

fomat long; 

%Convert Inputa to Dlnensionless Qunatities 
1lb-yvc_iaipo8ed/tvio; 

t  - (Pvii*ra"4)/(E«tvia'4);    %DiBensionleas loading of presaure across cap/meaibrane 

%%»%%%%>!% 

beta - sqrt((l-nu)/(ltnu))«(rb/ra); 

k - (ra/tvm)«sqrt((12'(l-nu-2)«No)/(E'tvai«(l-beta-2)ll,- 
a - beta*k; 

JJJSectlon 2: Define grid apacing and corrdlnato transformation parameters 
%%%for finite-difference method 

lipolnts-200; %The total I of grid polnta to use (HOST KEEP IT EVEN) 
alpha-l.Ol: icrld density parameter 

%Grld denalty ratio 
ISize of grid apacing 
%Vector of evenly spaced points between 0 and 1 

Hpolnt 
alpha-l.Ol; 
phi-(alphatl)/(alpha-!); 
hr - l/(Npolnts-l|; 
eta - 0:hr:l; 

xl_b - rb/ra; 
xl_c - (rbtra)/(2«ra); 
xl a - ra/ra; 

%Non-dlmensional position of Inner radius 
%Non-dijiensional position of midpoint along membrane 
INon-dlmensional position of outer radius 

%For the grid points from xl_b to xi_c, define the derivatives of eta with respect to xl 
ror i*x:Npoints/2, 

xi(l) . xl b t (alpha-1)•(xl_c-xl_b)•(phi-phi-(1-2'eta(I)))/(Uphl-(l-2*eta(1))); 
m- (alpha-1)•(xl_c-xl_b); 
m2 - m*phl - m t 2«xl b; 

it^t":].'   "'•;'l?»<P''l"*("'*(l+P>il)>''((»'*Phl-(xi(l)-xt b))Mmt(xi(i)-xi b))); 
xl b)M'2^ " "•°-^'^°"''""*"°*"*P''^'*'"^-2*''l'il>>/<'»*Phi-<«l(l)-xl_b)")«(mKxl(l)- 

end 

%For the grid points from xl_c to xl a 
for l-Mpoints/2tl:Hpointa, 

i'-'(alphi-1)•(xl^c-Ii" ^(xt_c-xl_b)♦(phl-phl-(l-2*eta(I)))/(Itphl-(l-2«eta(I))); 

■2 - m'phl - m t  2«xl b; 

deta(l) - (0.5/log(phi))*(»MUphi))/((»«phl-(xi(i)-xi b))*(.t(xl(l)-xl b))); 

xl wn'2-  " ■'°-''^°"P""*'"*"'*P''"*""2-2*'<Hl))l/(<5*Phi-(xl(i)-xl_bnMmMxl(l)- 
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%%%Section 3: Finite-Difference Implementation 

%Governing equations at internal points (from 2 to Npoints-1) 
for i-2:l(points-l, 

A(i,i-1) - Cxi(l)-2«deta(i)'2)/(hr«2) - (xl(i)-2*d2eta(i) t xi(l)*deta(i))/(2*hr); 
A(i,i) - -( (2*xl<l)-2*deta(i)'>2)/(hr-2) t (3'2+l) t xi{l)'2*)c-2 ) ; 
A(i,i+1) - (xi(i)»2*deta(i)«2)/(hr"2) + (xi(i)-2*d2eta(i) + xi(i)«deta(i) )/(2*hr) ,• 

B(i,i-1) - (xi(i)-2«deta(l)»2)/(hr'>2) - (xl(i) "2«d2eta{i) + 3*xl(i)*deta(i))/(2*hr) ,- 
B(i,i) - -(2«xi<i)-2*deta<i)«2)/(hr-2); 
B(i,i+1) - (xi(i)-2«deta(l)''2)/(hr»2) + (xl(i)-2*d2eta(i) + 3*xl(i)*deta(i)) / (2•hr),■ 

C(i) - €«{l-nn-2)«P*(xl(i)-3 - xi<i)*(rb/ra)-2); 
end 

%Boundary condition equations at xi_b (grid point #1) 
A(l,l) - 1; 
B(l,l) - -3*xi(l)*deta(l)/(2*hr) + (l-nu); 
B{1,2) - 4*xi(l)*deta(l)/(2*hr),• 
B(l,3) - -xi(^)*deta(l)/(2*hr); 
C(l) - 0; 

%Boundary condition equations at xi_a <grld point INpolnts) 
A(Npoints,Npolnts) - 1; 
B(Npolnts,Npolnts-2) - xi(Kpointa)*deta(Mpoints)/(2*hr); 
B(Npoints,Npointa-l) - -4*xi(Npolnts)*deta(Npoints)/(2»hr); 
B(Npolnts,Npoints) - 3*xi(Npoints)*deta(Npointa)/(2*hr) + (l-nu); 
C(Hpoints) - 0," 

%IMPORTANT; Since F is an unlcnown, an extra column and row are added to A to solve for F 
%and therefore the added entry to C is the non-dimensional deflection *n>. 

%Define entries in additional column of A 
A(l,Hpoints+l) - 0;    %BC at r-rb 
for l*2:Npolnts-l %central points 

A(i,Hpoints+l) - -6*(l-nu-2)*xl(l); 
end 
A(Hpoints,Npolnts+l) - 0;    %BC at r-ra 
A(Npoints+l,Npoints+l) - 0;  %Thi3 is a meaningless entry so it must be zero. 

%Define entries in addltonal row of A 
A(Kpointa+l,l) - -(hr/2)/deta(l); 
for l-2:Npoints-l 

A(Npolnts+l,i) - -(hr)/deta(i); 
end 
A(Npoints+l,lIpolnts) - -(hr/2)/deta(Kpolnts) ; 

%Define additional entry in C 
C(Hpoints+l) - Vib; 

%%%%%*%%%%%%%%%%»%%%%%%»%%%%%%%%%%%%%%%%%%%%%%«%%%**%****%*%%%*%**»***»**%%***%********* 
%%%Section 4: Provide an initial guess for the theta vector (plate slope), to be 
%%%used in the finite-difference iteration procedure. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%tttt%%%%t%%%%t%t%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%t%t%%»%tt 

if k=-0, 
%theta - (-0.75*(l-nu-'2)*P*xl.*(l-xi."2)) •;    *Linear result 
theta=xi'; 

else 
theta-xl'; 

end 
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t%%S«ctlon 5: Hattlx Manipulation Procadure 

%%%%%%%%l%%«%%%t%%t%t%%t%%%%%%%%%%%t%%%%%%t%%%%%tt%%%%%%t%%%%%%%ttt%tlt%%t%%%%%%%t%|t|t% 

Mltetatlona-500;       %Pcr(oni up to 500 Iterations 
tolerancel>le-8; 
tolerance2-le-8; 
Ottega-0.45; lOndar-relaxatlon paraneter 
if flagML—1 %Thla variable la passed Into file. 

MLoptlon-l;        %0 - Linear solution; I - Nonlinear solution 
else 

HLoptlon-0; 
end 

for i-l:Niterationa, 
li 

for j-2:l(polnts-l IDetlne D vector for each Iteration 
B(j) - -0.5«theta(j)."2; 

and 
D{l)-0; 
D(Npointa)-0; 

Sr - inv(B)*D'*KLoption;       tSolve for Sr 
v_Sr - 12*(l-nu"2)*xl'."2.*Sr;  ICalculate non-linear correction term v Sr 
v_Sr(Npointatl) - Ot IHake v_Sr the proper length 
A2 - A - dlag(v_Sr,0); %Sub8trBct non-linear correction term from A 
theta_ne« - lnv(A2)'C'; tCalculate new theta vector 
F_result - thetanewCNpointstl),- %Record the calculated value of F 
thetanew - theta_new(l:Npoints)ilRenove the F entry from the theta vector 

Inner product - (thetanew'•theta)/sqrt(theta neii'*theta new)/sqrt(theta'*theta); 
lengthratlo - aqrt(theta_new'*theta_new)/aqrt(theta'*theta); 

If (l-lnner_product) >- tolerancel I (l-length_ratlo) >- tolerance2 
theta - (1-omega)*theta + onega*theta new; 

else ~ 
brealc; 

end 
end 

l%tl%t%%l%l%t%t%%%%%%%%l%%%%«|%%t%t%t%%%%%ttt%%%%%%%%%t%%%%%t%%%%%t%%%%%%%%%%t%%t%%t%%%% 
%%tSectlon 6: Calculate Deflection, Curvature, Stress, and Swept VolvOBe in this 
%%tpo8t-processlng section. 
t%%%%t%%%%%%%%%%%%%%%l%%%t%%%%«%tltt%%%ttt%t%%%t%%%%%%%%%t%%%%%%%%t%%%t%%%%%t%%%%%%t%%%% 

%CALCOLATE Fvcstar 

FVc - r_result*(pl«E«tvm"4)/(ra"2); %Olnenalonaliie the additional cap force 
%Done 

iPLATE DEFLECTION: Calculate plate deflection vector from the final theta vector, 
%uslng 2nd-order forward, bac)cward, and central difference methods to express 
%theta In terms of W. Then, using matrix Inversion to obtain the vector M. 
1-1;    %BC at rb 
llnatrlx(l,i) - deta (I) • (-3/(2*hr)); 
Wmattlx(1,1+1) - dota(l)>(2/hr); 
I«matrix(l,it2) - deta (1) • (-l/(2«hr)); 

for l-2:Npolnts-l   %Inner grid points 
Itaatrlx(1,1-1) - deta(l)'(-l/(2«hr)); 
((matrix (1,1+1) - deta(l) •(l/(2«hr)); 

end 

%BC at ra —> Do not do for the outer boundary condition. He already )cnow that 
%the deflection at ra Is equal to zero. 

¥ '  lnv(Vlmatrix(l:Hpolnts-l,l:Npolnts-l))«theta(l:Npolnta-l); 
l(-m;0];  • 
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%PLATE CURVATURE: Calculate plate curvature vector from the final theta vector, 
%using 2nd-order forward, backward, and central difference methods. 
i-1;        %BC at rb 
psi(i) - deta(i)*(l/{2*hr))*(-3*theta(i) + 4*theta{i+l> - theta(H-2)); 

for i-2:Npoints-l   %Inner grid points 
pai(i) - deta<l)*{l/(2*hr))*(theta(l+X) - theta{i-l)); 

end 

i«4Ipointa;  %BC at ra 
psi(i) - deta{i)*(l/{2*hr))*(3*theta(i) - 4*theta(i-l) + theta(i-2)); 

%Done 

%PLATE STRESS: Calculate the stress vectors in the plate. 

for i-l:Npoints 
Sro(i) - (k*2/(I2*(l-nu^2)))*{l + beta*2/{xi(i)*2)); 
aigma_r_top(i) - (E*tvm*2/ra*2)*(Sro{i) + Sr(i) - (l/(2*(l-nu^2)))*(psi{i) + 

(nu*theta(i))./xi{i))); 
sigma_r bot<i) - {E*tvin*2/ra*2) *(Sro{i) + Sr{i) + (l/(2*(l-nu*2))) *(psi(i) + 

(nu*theta(l))./xi(i)))f 
end 
if iiiax(sigma_r_top) > iaax(sigma__r_bot) 

maxstress - abs(max(aignia_r_top)); 
else 

maxstress - abs(max(sigma_r_bot)) ; 
end 
%Done 

%CONVERSION TO KON_DIMENSZONAL PARAMETERS 
r=xi*ra; 
y-W*tvm; 
thetaND-theta*tvm/ra;  %This non-dimensional theta is dw/dr 
psiND=psi*tvm/(ra*2);  %This non-dljnensional psi is d2w/dr2 

%PLATE SWEPT VOLUME; Calculate total swept volume under cap and membrane. 

V-0; 
for i-l:Npoints-l 

dV(i) - pi*(r(i+l)*2-r(i)*2)*0.S*(y{i+l)+y{i)); 
V - V + dV(i); 

end 
yvc - yd); 
Vcap - yvc*pi*rb''2; 
Vtotal - Vcap + V; 
%Done 
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Appendix C 

Support Documentation for Full 

Non-Linear Active Valve Model 
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C.l    FullActiveValve(Non-Linear).mws [Section 4.1] 

Rfc: FiillAcliv«Vilvii(NON-LINEAIl).mw» 
David C.RotMftx 

lb Gk cnalo dc iOive vah« nulrii UBd in IlK hll noivUnew active vtlve Mulab model devdoped by O^ 

Tto Bfc defioei dl lie laiw vilvc tdi<ioi» (eieepl for d» i»ii-liiie« meinhniie iriuioiM wUch in lolv^ 
Mabb code:NLAc>ivtValveMallab.in) and lolva for the coelTicienli of Ihe vilve matrix A. 

[> iMtart; 

[>Biglta:>40; 

(pStep 1: Deflne Linear Quaii-SUtic Relatioii] 

[p FieZMkcIrk MaterUl 

C Thti relation aouaea petfect d33 actuation (no effect of tianiveiae elatnping). 

lOa   :- «rpl - d[331«V(pI  -  a[pl/lIj>])«Tli>); 

t Tlia idalion detcnninea the piezo cfaai^e. 

">W»I2   !- 0(pl  -   (•Tl331«»t»l/L[p])«V[pl  ♦   (<iI331»A[pl)«Tlp]; 

•'jl''. *". «eN2:-e,=-^w„.f,r, 

B««om Stichiral Compliuce 

C Ciietilar plate willi iticat impOKd over cenba] tegion. 

[> aSK3 :- Itbotl - patlbot.ll) • l(j>]; 

Ip Drive Elemeat Tetken 

> I0t4 :■ I[e«1 - 

(xitit.top,Ti«jtirit*oi,rl)/(iittt.toi.,r]+ntit.b«t,n)»(»tpl*T[pl-»[iii.)»ria»ci) - 
(Xl[It.top,»l«Xl[lt.b«t,»l)/(XlIlt.t<.p,H4XlIIt.bot,H)»»tB»Cl; 

> IQH :• dV(taI • 

(xit«rt.iop,ri*a[tt.b«t,»i)/<xi[it.top,ritxi|it*ot,ri)«(»[p]«Tip]-»[pi.i«t[»cn 
(Xitd»l»t«p,»l«xl[<WUlK,t,»))/txltdVt.top,?l+Ilt*«abot,H)«P[H«i:l  + »(pl.]«I(t.l; 

BQNSydV^ 

[^ Drive Elemul PUtol 

> taU ■■' «(pU)  - »lHpl«,tl«Ttp]  - »i[tpl«,»]«p[B«C]; 

> ion :-d»|pl.] - Xltdvpl.,Iimpl - XlldvpU.tl'Plmc]/ 

?FlaM CamprculblUty 
[■ > ion :- iirifiiiidi ■ -(v[«»ci/xif])«(p[«>c)): 

Pigtl 

-t^^Z. 
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[[ 
'HAC'UAC 

BQNS.-<IV^'-  

I Top Structural Compliance 
[> ICK9 :=■ Iltopl " xlt«top,Pl»Pla»C] + xi[Itop,»l*Tt»«i!; 

[> KlHlll  !- <Wltop] - Xlt<B?t<ip,»]«P[BIlC)  + Xi[d«<ip,r]*rlTOl + Xtv»]««[top]j 

[>iaia.l := Ftm! = (»[v»)-»t»<!l)*IP[H»c!-Pt2II + Mvcl»(P[H«cl-P[ll); 

I Valve Cap/Membrane 
C The only valve/cap membniie lelatioa defined here is the sum of the forces on the valve cap. 
[>xgHi2 := Ptvc! - (PIHUC)-p[i] )**!»=] ; 

I Deflection, Swept Volume Conservation 
Z, AU structural deflections and swept volumes ate defined to be positive in the upward diiection. 

> igHU :> Z[p] -i- C[botl - Z(ta] + ttpl*]; 

[[ 

[[[ 

I Other Relations 
t Variables as fiinctions of other variables. 

> Ktfa*  :> Zlda]  a I[t<l]  * ZIpll] ; 

step 2: Define Geometric/Material Parameters 
Q Geometric Parameters; 

[>RtvcI:-0.31«-3: R[vm]-."CKta-S:  t[vm] :-10«-6: Atvcl :"Pl*Rtvc]''2: »t»"l :>«i*Il[™]'2: 
ttiol :>=400o-«; 

[>Ltl>!:»l«-3: »[p]:-l«-3: i[pl :-Pi'Rtl>]»2: 
[>B[pU):=3»-3: Wch] ;=3.2i5*-3:  tlplo] :««00«-«:  t[t<)pt«I !=10«-6:  t[l>ott«) :=10«-<: 

Rtpia] :aPi*K[pia1''2: 
[> t[botI;=1000«-«: 
[> B[niCl:«400a-«: V[a»Cl :='Pl*»[clil''2«HIa»Cl  + Pl*(R[TO]''2-Bt»cl»2)*t[vol: 

£> tttop]:-1000«-«: 
{| Material Parameters: 

> dt331:=«000a-12:  «DI331 :-l6.4«-12:  «Z[33] :=Ul«-12: Up] ;>=l/»zt331: 
«Tt33]:=dt33]»2/(«It33I-«D(33]):  Zt.l] :=1«5»9:   ou[«i] :=0.22;  K[i]:=2«9:   «lpl>«[»l] ;=1.25: [[ 

Step 3: Calculate Linear Plate Coefficients 

H Bottom Stuctural Compliance (identical to FullActiveValve(LINEAR).mw5] 

H Drive Element Tethers [identical to FuiIActiveValve(LINEAR).mws] 

lii Drive Element Piston (More Compliant: Hinged Outer Circumference) [identical to 

Page 2 
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Fi]IAdlvcValve(LINEAR).aiwi| 

19 Drive Elcmeat PMai (UM Campllul: RJgld Oiter ClrnBreruce) (Idcidcd to 
FiilUc<lv<Valvc<LINEAR).iiwi| 

M Drive Elemeit PMH (Averafeil CMnpUuce) IMeiUcil to FalUc<iveValve<LINEAR).BWi| 

IHTep Stnctaral CempKucc (ideitkil to l'iUIActiveValve(LINEAR).nwi| 

ipStep 4: Solve EquitioBs 
r ■n»v«i*l<.[Z|.,1>,Qp,Zbot,Zte,dVl«,Zpl^dVpii,<IVnui<l,Zlop, <IVlop,Fvm,Pvci«dZdel«.eolvedforinlciii»orihe 

oa«rvii»(,l»[Vp,PI,P2,ii«lPHAq. Oiiceiolvodfor,e«iorihea«rfIid«lil.iiiip«<ll<>l!iepii>i«rl<w»ioiimnuliiiA, 
, wfaicfa ife (liea ptaMd to NLAcliveVa]veMallab.m. 

• > ««^»tion.:^oi».((ifln,»on,ian,i»f4,ia»,iQ»i,i(»r7,»on,ion,io»io,i(»ai,ion2,i(»iu,ia 
»"),(i[p] ,Ttpl ,fltpi ,«(i>oti ,t[t.] ,iwit.i ,«[id.i .Ofipi.j ,*r[fioidi ,iito!.j .(Wiiopi ,rt«] ,r[ 
To],I[<to])): 

[> 
[>»ll:-m»mlf(rtb.({V(i>l^,»[l)^,»121.*,»H»e]^),Mb,(«olotlon.,i(p]))): 
[>«lJ;-wr«lt<rf>.({V[p]^,»[lIi.l,I[j]^,»[nc]^),m4.(Solntloo.,«[pl))): 
[>»13:i»ymH(»*.((VIpJ^,»ril.O,f|Jli.l,»Il»Cl^),mb.(folatloM,lIpJ))): 
[>»l«:i».mIf(rtb.t(VIp]^,»|ll^,»IIl^,»I«»e]rt),„^(,olrtloii.,ItpI))): 
[> 
[>«l:-«>mlf(n*w((VIpl.l,»[ll^,»(2]^,»[«|lC)^),mb.<«ol»tloD.,»tpl))): 
[ > «J:.M.if (ml).((v[p]^,»tll.l,»[J)rt),»t»»cl^),TOb.(«oliiUon.,irpl))|: 
[>»23:.wr.l«(rf»((V[pJ^,t(l)^,»(a]rt,F(H«clM)),.al>.(«olution.,t[pl))): 
[> M<:-»v.l«(»i*«tiV(pl^,»tllHJ,»[21^,»[«llc).l),»ob,<«olntlon.,Itpl))); 
C» 
[>»M:.«.lf («*,((» tpj.l,»[l]^,»(2l^,»[lacl^),mi. («<,laUoii.,a[p]))): 
[ > »32:.m.lf (m4,.((V[p]H),»[llrt,»I21rt,m»ClH)),.<i>.(«oliitloe>.,a[pI))) ; 
[ > »33:-»~lf ("I*- ({Vlp]Ml,»tll-0,»[2].l,p(l«:l-«l ,«Uh. (Jolntloea.OIpl))) : 
[>»34:.«r.lf(mb.((V[pl.«,»[lI^,»12]^,»H»Cl^),nb.(««liitlon.,S|p]))); 
[> 
[>Ml:.«».lt(m*>.({Vlp).l,»[lJ^,»[ai^,»(M»el-0),«llb.(Solutloo.,I[botJ))) 
[>»42;-«.l«(m4i.((v(pl^,»Ul^,»t2]^,Pt«v:]^,,,ab.(«ol«l0M,l(bot)))) 
[>»43:.«fmlf(rtb.((»[p]^,»[l]^,»[21-l,»[l»cjH)),mb.(«olntio«.,«Ibot]))l 
[>»44;..».lf(mi,((VIp].«,»(al^,f(21^,»ll»<:i^l,nlb.(»«lotloo.,I[botI))) 
[> 
[>»51:.«v.l«(rt>.((VIpX,p[l]M),F[2]iiO,P[«»ClM)),mb.(Solntloi>.,Ilt.)|)): 
[>«2:ii«r.lf(m4>,((V[pl^,pril-l,»I2!-0,P[l»e)-«),mb.(»olotlon«,«[b.I))); 
[ > X53:.».mlf (ma>.({VIp]^,Ptll-0,Pr21-l,»llIK:).«),na.(»oloUoo.,«|t.J))): 
[> »5«;-«»«lf(»ob«((Vlplrt,HlI.0,»(21rt),ftl»CI^),m*»(S«loUoi>.,•[».])) )■ 
c> 
[>»«l:-»r.lt(n*.((Vtp]<,»[llrt),p[2)^,p[««CJ-0),m*.(«<,lutioo.,iWtt.)))) 
[>»«2;.«»ilf(«h.((V[pl^,»[lI^,K2J^,»m»Cl^),m4.(S«latlon.,<Wlt.l)|) 
[> «3:-»»»l«(»iib.({VIpl-0,»Cll^,»[21.1,KIllc]M)),.iib.(«olntloii.,«f[t.I))) 

PigeJ 
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C> 
[ > »71;-«y»lf (•iib«((vrpl-l,»tll-0.»[21-l)-Pt»«'!]-<>) 
[ > «2:-»mlf (•tib««T[pI-0,Ptl]-l,V[2I=0,C[B>C]xO) 

[ > »73i»«»«M(mib«(|VIpI-0,P[l]-0,»(2]-l,»ns«:]-<') 
[ > AT4:-«valf («iibs((V[p]'0,P[ll-0,P[21-0,Pt»Cl-l) 

C> 
[ > kai:=«ml<(nibs((Y[p)4,C[l)=0,T(2]-0,Ctm<:]°«) 

[ > »e2:.«»«l«(mb.((Vtp)-0,PtlliOL,Pt21-0,PtB»C]Ml) 

[>»83:-«»mIf<mib«({Vlp]-0,P[lI"«,P[21-l,»tB»Cl-0) 

[ > U4:'«nlj:(«id>s((T[pl-0,Itl]-0,et2I=0,PtH«:]=4) 

C> 
f>ASl:-«.lf(«ib.(mpl-l,PtlI-0,P[2]=0,PtB»ClM)) 

[ > M2:-«nLlf (•ilb<«V[p]-0,«[l]-l,P[2]ll).<>IUCl-0) 

[>»93:™»«lf(rtb.((V(p]=<J,P[lI-0,Pt21=l,P[8K:l-0) 

[ > W4:=«»lf («»b.{{T[p]=0,P[l]-0,Pt21=0,PtB»ei=l) 

[> »101:««»iat(•!*«({¥[pl-l,PIl]-0,PI21"l),»[B»Cl-«: 

[ > U02:=«»l<(ailb<«V[Fl=0,P[l]=l,P[2]'4.PlB»:]4: 

£> »103:=»r«lft.ub.((Vtpl=0,P[ll=O.PI21"'l.P[a«C)«0: 

[ > U04:>»>lI(atiba({V[p]-0,P[IlB0,P[2]>0,P(B>C]-l 

C> 
[ > jaU:=<nr«l«(»llb»((Vtpl-l,P[ll'=0,P[2]=0,Pt!D101-0: 

[ > A112:«w«l£<«llb.{(V[p:=0,P[Jl-l.P121=0,HB«:]>« 

[ > U13:-«rmU<niI» «V[p]>0,P[ll<0,P[2]'l,P[B>C)>4l 

[ > *114:>«r>lf (siibs«VIpl-0,P[11'-0,P[2]-0,P[raCl-l 

[> 
[ > »121:-»»«lf (•ub«((VIpl=l,P[ll=0,PI21=0,P[IlK:l=0 

[ > X122:-»nU(sid»((T[p]«0,P[l]-l,P(2]>0,P[H>Cl>« 

£> ja23:=«»«lf(»ab«<(Vtpl-«-»Ill"*.<'12)=l.PlH»CI"<l 

[ > A124:-<nnaf («iib«({V[pI-0,PU]":0,P[21-0,PIH»Ol«l 

C> 
[ > »131:.«»«li;(rtb.(iV[pl-l,P[ll»0,»I21-0,PIHK:]-0 

[ > A132:-«»»l«(«Ilb»((V[pl"0,PtlI"l,P[2]-0,P[H«Cl^ 

[ > »133:=»Y««(mb«({V[pl"0,Ptll=l),P[2I=l,P[BACl"« 

[ > »134.=m«lf (•tlb.((Vtp!=«,PIll»0,P[2]=4,P[IIXC]=l 

C> 
[ > »141:.»ymH(mli.({V[pl=l,PUlri),Pt2]=0,PIH»CJ-0 

[>»142!=:«v«lf(«iJb»((Vtpl=»0,PIXl»l,P[2I=0,P[II«Cl=0 

[ > »143:=««lf (»»b«({V[pl=0,P[lJ=0,P12]=l,VIHK:]=0 

[ > JU.44:=»»«li(«llb«((V[pl=<!,P[ll«0.P121=«,P[BK:I«l 

[> 

PStep 5: Output Matrix to Matlab File 

•vib> (Solutions, d7 [ t«] ))): 

snbi (Solutions, > [plsl)) I 

•Uba (Solvtlons, Z tplsl))) 

■uba (Solutions , Z [pla] )} } 

sobs (Solntlons,S[pls]))) 

sobs (Solutions,d7[plsl))) 

sobs (Solutions,drlpls] )) ) 

sobs (Solutions, dir [pis ]))) 

sobs (Solutions,drlpls]))) 

sobs (SolotloDS,<lV[flnld)))) 

sobs (Solutions,or [flnld]))) 

sobs (solutions,dvtflold]))) 

sobs (Solutions,<IV[21olil]) )) 

,subs(Solutions,S[top]))) 

,subs(Solotlons,a[topI))) 

,subs(Solutions,I[top]))) 

,subs (Solutions,S[top]))) 

,subs(SoXutlons,d7[top]))) 

,subs(Solutlons,d7Etop]))} 

, sobs (Solutions ,iI7(top]))) 

,sobs(SoluUons,dir[top]))) 

,sobs(Solutions,r[vm]))) 

rStibs (Solutions, T[vm1)}} 

, subs (Solutions, F [vm]} }} 

, subs (Solutions ,P [vm])) } 

, sidis (Solutions ,r [vc])) ) 

r sobs (Solutions, F [vc])) ) 

, stAs (Solutions ,F [vc])) ) 

, subs (Solutions, F [ve] )> ) 

, sobs (Solutions, 2 [da]))) 

,subs(Solutions,Z[da]>)} 

,sobs(Solutions,Z[da]))) 

,sobs(Solutions,Z[da]})} 
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^tow lh« ill Ifce iiuliij coeffidcM ta™ been «ilvwl for, il it necemiy to o«pW flie«e wlutt to ■ Be wliict Mill.b c 
Abo. 

ootpw the imiKxtirt vilve looiMtiy piiundm (li^ II, tvin, E, ou) for ll» ill Ita iioii4inM Midd) code. 
> lntwf«o«(«efto-e) I 
> mtats (°>U<iUMV«l»dl>trlji.a-) i 
> prlatf (-A(l,l) . %+2.0i.;-,»ll); 
> |>rlBU(-k(l,2) • %+S.Ot«;",iUJ); 
> pzii>tl(-&a,l) - »+J.0t«j',»l3), 
>pnatf('Jl(l,4) - %«.0«.;Mai); 
> prlatf (•»(J,1) m ttl.our ,tai) I 
>prlntf(•»».») . %«.0t«,',»22), 

>i>ziiitf('x(a,i) - **2.n»:-,>a3}i 
>prli>tf(-k(2.4)  - %42.M«;M12«); 
> prlatf (-A(],l) • •+2.0t.;-,»31); 

>prllltf(-&(],2) • »+2.0««;',»32); 
>printl(-k(],3) • %«.0«./\»33); 

> prlstf(-&(3,4) - tt2.0fa;-,U4); 
>prliiU(-&(4,l) - %+2.0».;■^l),• 
> prli><:f (-A(4,2) ■ t+2.0lar,M2),' 

>prlntfC»(4,S)  -%t2.0i«;',»43)i 
> prlntf(-A(4,4)  - %+2.M.;',«44); 
> prtntfCKS,!)  ■ »+2.0««.-,»51), 

> ptlnUC»(J,2) . »42.0t«;",»52); 
> pri<iU(-A(S,3) - %t2.M«,',«53)i 
>prlntf('A(9,4) . »+2.0t«; •,»S4) ; 
> prliiU(°A«,l) • %'»2.0la;-,ACl); 
> prlatf (•A(«,2)  » •+2.0«.,-,A«a); 
> priaCf ('A((.3) - »«.0t«; •,A«3) ; 
>prli>tf(-A((,4)  - %+2.0l.;-,A«4); 
> pili.tfCA(7,l) ■ «+2.0^•l•,A^l),• 
> pristf (°A(7,a) • «t2.0ta;',AT2); 
>prliitf(-A(T,3) - %+a.M«!",A73); 
>pcllltf('A(7,4)   - »«.M.;-,A74)J 
> prlnUCAII.l) • %'»2.0>a;',Ul); 
> prlnU('A(i,2)  • ««2.0t>:' ,At2); 
> pnn«CA(4,3)   . %«.0i.,-,»13); 
> prli>«CA(t,4)  • %+2.0l.r,A«4)! 
> prlntfCA(»,l)  - •«.0».r,A»l), 
> ptintf(A(i,2) - %♦2.0^•;■.»^2),• 
> priiiU('A(>,3)  - t42.0«>;-,U3); 
> priiniCA(»,4) - %«.0««,',A94); 

>prliiUCA(10,I)  - *+2.0e.;-,A101); 
> pni>U(-A(ll),2)  - t'f2.08a;-,A102|; 
> prillU('A(10,3)  - t4'2.0ia;-,A103),' 
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[>prla«C»aO,4) - »+2.08.!-,A10«) 
[ > prinU(°«(U,l) " %+2.0««,",JllU) 
[ > prlntf <-Mll,2) " «+2.08a;',«112) 
[ > prlntf CMll.S) >= %+2.08«;-,A113) 
[ > printlCHCll,*) - %+2.0««i-,jaU) 
[ > print:!('X(12,l) > %'l'2.0ae;°,ia21) 
Q>I>rli>tf('».(12,2) - t42.0a«;',11122) 
[ > prlatf CXtU.S)   « »+2.08«,',»X23) 
[ > IixinU(°Jl(12,4)  ■■ %t2.08a;',U2<) 
[> priatf Cilia,!)  - »+2.««•;■,»131) 
[ > prlntiC»<13,2) = %t2.08«;Ma32) 
[ > I>rlji«r*(13.3)  - »+2.08«;Ma33) 
[ > prlntf ('A<13,4)  • %+2.0B«i',U34) 
£ > prlotf CACU,!) - «+2.08«;-,Al41) 
[ > printf (■»(14,2) « %+2.08«r,»142) 
[ > !>xintfCAIW.S)  - »+2.0««r,»143) 
[ > priatf (•»(14,4)  - %t2.08«;',A144) 
[ > prlntf<'x»<! - »+2.08«;',R[vc]); 
[ > prlatf Civm = »+2.08«;",K[v«]) i 
[> prlnurtvm - %+2.08«;'.tCvm]) ; 

[ > prlatf CI.! - %+2.0a«;-,«t»ll).- 
Q > prlstf Cniui « %+2.08«;',tiutal]); 
[[ > iirlt«to(t«minal); 

.[> 
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C.2    NLActiveValveMatlab.m [Section 4.1] 

%[KUctlvaValveHatlab.a| DAVtD C.  ROBERTS % 
% This file c«lcul.te« the behavior of the active valve, with non-Hnear valve/cap 
taenbrane deformation Included, rlrat, the Haple file FullActlveValve(Non-Linear) .mwa 
»ia run in order to generate the natrlx of linear valve relation coefficients. That »atrlx 
%ia then used In this file. 

clear; 
close all; 
fornat long; 
HLActlveValveMatrlx; »Read in the linear natrlx coefficients and the valve geometry 

tfroa this file, which waa generated by running 
%NLActlveValvellaple.«lws. The matrix values go from A11,A12,A13, 
tAll, A21, ..., A141,A142,A143,A144 and the valve geometry 
%variablea read in are rvc, rvm, tvm, Esl, nusl. 

%%%%%%DEFIHE INPDT PARAMET£RS«tt%%t%%tttltt%%t%%%%l%%«t%%%%%%t%t|%tt%%t%%t 
Vp-500; %Ciezo Voltage 
n-0.5e6; 
P2-0e6; 
flagNL-l; 
Mo-O; 

%Pressure on top of valve cap 
tPressure on top of valve membrane 

%Include non-linearity if flagHL-1 
tinltlal in-plane prestreas 

%%%»»IPROVIDE INITIAL GOESS FOR PiUCI%t%t%%%%t%tt%%%%l%%%tt%%%%%%%%%%%t%%% 
PHACguess-O.0013e6; 
PHACl-PHACguess; 
PHACZ-PHACguess; 
checVO-1; 
checkl-1; 
l-O 
j-0 

%Determine Volume discrepancy for initial PHAC guess 
0-[Vp PI P2 PHACII;      IVector of input parameters to compliance matrix 
****"''■ »S ia the vector of all linear responses 
rvc-S(l3); Pvm-PHAC1-P2;  %Define these loadings for use in NLActlveValve MembraneCaseA.m 
[y,r,Vtotal,psl,»,theta,xl,thetaND,pslND,sigma_r_top,Sigma r bot,yvc,maxstreas) - 
NLActiveVslveMambraneCaaeA (Pvm, Fvc, rvc, rvm, tvm.Esi, nusl, f lagNL.No); 
dVvm-Vtotal; dVte-S(S); dVpla-S(6); dVfluld-S(9); dVtop-S(ll); 
checkl - (dVvm *  dvtop - dvte - dVpls - dVf luld); 
checkO^checkl; 
%Done 

%Determlne range of PHAC   (between PHACO and PHACl)  within which the real PHAC lies 
while checlcO*checkl/(abs(checkO*checkl))> 0 

i-0 
1-3+1 

PHACO - PHACl; 
PHACl - PHAC2 
checkO - checkl 

0-rvp PI P2 PHACU;      %Vector of Input parameters to compliance matrix 
S-**"'; %S ia the vector of all linear responses 
Fvc-S(13); Pvm-PHAC1-P2;  %Define these loadings for use in 

HLAct IveValveMembraneCaseA. m 
Iy,r,Vtotal,psi,ll,theta,xi,thetaND,pslND,alg»a_r top.slgma r bot,yvc,maxatresal - 

NLActiveValve_HeaibraneCaseA(Pvm,Fvc, rvc,rvm,tvm,Eai7nusi,flagNL,No); 
dVvm-Vtotal; dVte-S(S); dVpls-S(e); dVfluld-S(9); dVtop-S(ll); 
checkl - (dVvm t dVtop - dvte - dVpls - dVfluld); 

if checkl < 0 
PHAC2 - lO'PHACl; 
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elseif checkl > 0 
PHAC2 - 0.1*PHAC1; 

else 
break; 

end 
end 

if PHACKPHACO %rearrange PHACO to be less than PHACl 
PHACmax-PHACO; 
PHACmtn-PHACl; 
PHACl-PHACmax 
PHACO=PRACmin 

else 
end 
%DOHE,lt has been determined that PHAC lies between PHACO and PHACl 

j-0; 

%Determine solution for Pvc 
PHACm=0.5*(PHACO+PHACl); 
firsthalf-O; 

while abs((PHACl-PHACO)/PHACO) > 0.0001 

i-1 
j-j+1 

if firathalf»=l 

U-tVp PI P2 PHACm];       %Vector of input parameters to compliance matrix 
S-A*U'; %S is the vector of all linear responses 
Fvc»S(13); Pvm'PHACm-Pa;  %Define these loadings for use in 

NLActiveValve_MembraneCaseA.m 
[y,r,Vtotal,psi,W,theta,xi,thetaND,psiND,sigina_r_top,sigma_r_bot,yvc,maxstressJ 

NLActiveValve_MenibraneCaseA(Pvm,Fvc,rvc,rvm,tvm,Esi,nusi,flagNL,No); 
dVvm-Vtotal; dVte-S(6); dVpis-=S(8); dVfluid-S(9); dVtop-S(ll); 
checkm - (dVvm + dVtop - dVte - dVpis - dVfluid); 

else 

a-[Vp PI P2 PHACO];       %Vector of input parameters to compliance matrix 
S-A*0'; %S is the vector of all linear responses 
Fvc«S{13); Pvm"PHAC0-P2;  %Define these loadings for use in 

NLActiveValve_MembraneCaaeA.m 
Cy,r,Vtotal,psi,W,theta,xi,thetaND,psiND,sigma_r_top,sigma_r_bot,yvc,maxstreas] 

NLActiveValve MeinbraneCaseA(Pvm,Fvc,rvc,rvm,tvm,Esi,nusi,flagHL,No); 
dVvm=Vtotal; dVte»=S(6); dVpis-=S(8); dVfluid-S (9); dVtop-S{ll); 
checkO - (dVvm + dVtop - dVte - dVpis - dVfluid); 

D=[Vp PI P2 PHACm];       %Vector of input parameters to compliance matrix 
S=A*a'; %S is the vector of all linear responses 
Fvc=S(13); Pvm-PHACm-P2;  %Define these loadings for use in 

NLActiveValve_MeinbraneCaseA.m 
[y»ErVtotal,p3i,W,theta,xi,thetaND,psiND,sigma_r_top,sigma_r_bot,yvc,maxatress] 

NLActiveValve_MembraneCaseA(Pvm,Fvc,rvc,rvm,tvm,Esi,nusi,flagNL,No); 
dVvm=Vtotal; dVte-S(6); dVpis=S{8); dVfluid-S{9); dVtop=S{ll); 
checkm - {dVvm + dVtop - dVte - dVpis - dVfluid); 

end 

if checkO*checkm <= 0 
PHACl-PHACm; 
firsthalf-1; 

else 
PHACO-PHACm; 
firsthalf-O; 

end 
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PHACm-0.5*(PHACOtPBACl) 
•nd 
FHAC-FHACn; 
tDOrfE, PHAC solution has been detemined 

lEvaluste all paraneters (or last value of FHACK 

D-rvp PI P2 PHACml;      IVector of Input paraneters to coaipllance matrix 
S-^'^'l %s is the vector of all linear responses 
Pvc-S(l3); Pvm-PHAC«i-P2;  %Deflne these loadings for use in HLActiveValve He«braneCaseA.i 
Iy,r,Vtotal,psi,ll,theta,xi,thetaND,psiHD,slgi«a r top,sigM_r_bot,yvc,»axstressl - 
NLActlveValve_HeiibraneCaseA(Pvm, Fvc,rvc, rvia, tvn.Esi,nusi, flagNL.No) ,- 

*P"S(l) %Prlnt to screen all results 
Tp-S(2) 
Qp-SO) 
Zbat-S(4) 
Zte-S(5) 
dVte-S(6) 
Ipis-S(7) 
dVpis-S(S) 
dV(luid-S(9) 
2top-S(10) 
dVtop-S(ll) 
Fvm-S(12) 
EVc-S(13) 
Zde-5(14) 
Zvc-yvc+Ztop 
dVvK-Vtotal 
ataxstress 
%DONE 
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Abstract 

In this work the concept of hydraulic amplification as a means of stroke amplification is 
explored for applications in MicroElectroMechanical Systems (MEMS). Building on the 
batch fabrication technologies of the semiconductor industry, MEMS technology could en- 
able the simultaneous fabrication of mutiple microhydraulic systems of which hydraulic 
amplifiers would form part. Precision lithography would furthermore make dense arrays of 
microhydraulic systems possible, with the eventual goal being to create high power density 
microscale actuation and power generation systems. 

This document provides an overview of the design considerations required for a successful 
microfabricated hydraulic amplifier, and proceeds to discuss the techniques developed to 
successfully fabricate, assemble and test such a device. Deep Reactive Ion Etching (DRIE) 
techniques were developed for creating strong tethered membrane structures Using Sihcon 
On Insulator (SOI) technology. Bonding techniques included silicon-silicon fusion bond- 
ing of fragile wafers and silicon-glass anodic bonding and alignment on the wafer and die 
level to produce multi-layered structures. Liquid filling of micromachined dead volumes 
through micron-size channels was performed. Static sealing techniques for leak-free sealing 
of micromachined, filled dead volumes with minimal seal compression and dynamic sealing 
techniques when quasi-static actuation is not a prerequisite were successfully developed. 

Using these techniques, several hydraulic amplification devices have been produced. Testing 
of these devices revealed good correlation with theoretical predictions. Stroke amplification 
ratios as high as 48 : 1 have been observed. In addition, natural frequencies of up to lOkHz 
were measured. In conclusion, this work verifies the viability of hydraulic amplification for 
applications in microscale actuation systems. 

Thesis Supervisor: Nesbitt W. Hagood IV 
Title: Associate Professor of Aeronautics and Astronautics 
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Chapter 1 

Introduction 

At a time when the mere existence of the air around us was a debatable topic, the French 

mathematician and scientist Blaise Pascal (1623-1662) presented a remarkable series of 

scientific studies on the behavior of fluids [1]. In 1653, his studies led to the formulation of 

what is now known as Pascal's law, which can be stated as: "Pressure applied to an enclosed 

fluid is transmitted undiminished to every portion of the fluid and the walls of the containing 

vessel" [2]. It is from this simple principle that the concept of hydraulic force amplification 
or stroke amplification can be derived. Hydraulic amplification is a conceptually elegant 
means of mechanical ampUfication, with few moving parts and no mechanisms. 

1.1    Objective 

The objective of the work presented here is to explore the feasibility of hydraulic coupling 
as a means of stroke amplification for actuation in a microscale hydraulic system. For the 
purposes of this discussion, the term "microscale" will refer to any device that is fabricated 
by means of microfabrication technology. 

The microscale hydraulic system, in this case, is a piezoelectrically driven microfiuidic prime 

mover with a piezoelectric piston and two piezoelectrically driven active valves. Thanks to 

its active valves, this device, also called a MicroHydraulic Transducer (MHT) , pictured in 

Figure 1.1 can be operated as either a pump or a generator. The pump/generator modes 

of operation are shown in Figure 1.2. Due to the requirement of both large stroke and 

high frequency actuation of the active valves, direct actuation by piezoelectric elements is 

not feasible, and hydraulic amplification provides an attractive means for amplifying the 

stroke of the piezoelectric valve actuators. For background on this device, and the general 
concept of a MicroHydraulic Transducer, the reader is referred to [3],[4]. In this work, 

we will introduce the concept of hydraulic amplification for actuation in MicroElectroMe- 

chanical Systems (MEMS) by evaluating the performance of the hydraulic amplifiers of the 



20      1   Introduction 
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Figure 1.1: 3D Section view of a MicroHydraulic TVansducer Device. 

MicroHydraulic Transducer shown in Figure 1.1. 

1.2    Survey of previous work 

Although hydraulic amplification has not been investigated for microfabricated devices, 
numerous macroscopic systems using hydraulic amplification have been reported. This 

section provides a brief overview of some previous work, and also some general work in 
microhydraulic and microfluidic systems. 

1.2.1    Macroscale hydraulic amplification 

Hydraulic force amplification forms an integral part of modern industry, where servo- 

hydraulic systems can be found in applications ranging from earthmoving equipment to 
aerospace applications. Hydraulic stroke amplification, however, is less common. 

Ikng presented an hydraulic stroke amplifier, employing very viscous, stiflF fluids, so-called 
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Figure 1.2:   The two modes of operation for an active valve MHT device:   (a) Pump- 
ing/Actuation and (b) Power generation. 



22      1   Introduction 

liquid plastic PVC, for active vibration control of rotorblades. [5] Using ultrasonic tech- 

niques, bulk modulus measurements of the fluids are reported, and range from 1.9GPa to 
2GPa, compared to a measured bulk modulus of 2.2GPa for water. 

In [6] another application for active vibration control prompted the need for hydraulic 

amplification of piezoelectric actuation. Using ethylene glycol as the hydraulic fluid, a 
novel ring-type actuator was produced. 

1.2.2    Microscale stroke amplification 

Although hydraulic amplification of force and stroke has not been applied in the field of 

MEMS until now, other means of mechanical stroke amplification techniques have been 
explored. Where piezoelectric actuation is desured, bimorph beam structures have been 

fabricated to convert the in-plane strain of the piezoelectric element into an out-of-plane 
motion. The piezoelectric material takes the form of a thin film, either zinc oxide {ZnO) 

or ceramic lead zirconate titanate (PZT). These beam structures were claimed to have 
potential applications in, amongst others, mass sensing [7], sound generation [8] and thin 
film characterization [9]. 

In work by Rogers [10] a number of compliant flexure systems for stroke amplification is 

mentioned, with amplification ratios of 5 to 50 and efficiencies of greater than 80%, where 
the efficiency is defined, in this case, as^: 

_ {Force out) x {Displacement out) 
"'*'' {Force in) x {Displacement in) ' ' ■' 

These flexural linkage systems are visually quite impressive. A theoretical treatment on 

multi-stage cascaded flexural linkage systems is presented in [12]. Amplification ratios as 

high as 148:1 are reported. In general, the literature provides limited information on the 

actual stiffnesses of these mechanisms. However, it is apparent from the size of the devices 

discussed, as well as the method of fabrication - surface micromachining - that these flexural 

amplification devices are mostly suited for light-duty applications. In the work presented 

here we will strive to develop a stroke amplifier that will provide substantial (large force) 
actuation authority on the microscale. 

'For a more comprehensive treatment on actuation efficiencies, based on macroscale stroke amplification 
devices, the attention of the reader is ako drawn to the work of Prechtl and Hall [11], 
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1.2.3    Microftuidic and microhydraulic systems 

Numerous microfluidic devices for various applications have been reported. Of these de- 

vices, micropumps and microvalves, in particular, could be used to construct microhydraulic 

systems. In any such system, the proposed microscale hydraulic ampUfication concept can 
be an enabling technology to accomplish such tasks as large stroke valve operation and 

general force or stroke ampUfied mechanical actuation. For completeness we present here 

an overview of some of the highlights in the development of micropumps and microvalves 

for potential use in small-scale hydraulic systems. 

Often, hydraulic systems will require a prime mover that can take the form of a pump or a 
generator. In 1988 Van Lintel [13] reported a piezoelectrically driven micromachined siUcon 

pump with a maximum flow rate of approximately 0.6fJ,l/min and a maximum pressure head 

of approximately 2.5mH20. A year later Esashi [14] reported a piezoelectric micropump 

with a maximum flow and AP of 20fil/min and O.TSmHiO respectively. Recently, in the 

same project of which this study forms part, using features of the MHT technology described 

earlier [4], a seven layer silicon-glass piezoelectric micropump capable of delivering up to 
SOOOfxl/min, or setting up diS'erential pressures as high as 450kPa was developed [15]. 

With fiinctional dimensions of approximately 8 x 8 x 10mm, this device demonstrated that 

small-scale high power density prime movers can become a reality. The performance of this 

pump is matched and, in some cases, even exceeded by elektrokinetic pumps as described, 
for example, in [16]. Electrokinetic pumps axe mechanically very simple and robust, but 

sufler from a finite lifetime due to the electrochemical reaction that drives the flow. 

A large number of microvalves for various applications have been developed and reported 

in the Uterature, and a detailed discussion of previous microvalves is not presented. Iiideed, 
microvalves have seen development to the stage where they have already found commercial 

applications such as mass flow control and pilot valves. See, for example, [17]. It should be 

noted that valves developed specifically for liquid applications are less common than those 

for gas applications. This fact is also reflected in the review by Gravesen [18]. The reader 

is referred to this review for a more complete overview of the earlier microvalves. A newer, 

high-frequency, high-pressure, high-flowrate microvalve that was enabled by the hydraulic 

amplification technology discussed in this document is presented by Roberts [19], and the 

reader is encouraged to review his work in conjunction with the work presented here. 

A brief remark has to be made on devices that are sometimes referred to as "fluidic ampli- 

fiers". Reported by Zdeblick [20] and later VoUmer [21] and also called "wall attachment 
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amplifiers", these devices operate on flow streams to either amplify the flow rate or the 

pressure. These devices can also find useful applications in microhydraulic systems, but we 

want to emphasize that the device that we will refer to as an hydraulic amplifier in this work 

is completely different firom devices previously developed and subsequently named fluidic 
amplifiers. 

1.3    Motivation 

Recent developments in MEMS have brought quite a number of devices that can be classified 

as "Power-MEMS" devices, with the purpose of performing meaningful mechanical work 
rather that simple sensing or chemical analysis. See for example, [22]. MHT technology, 

as dicussed previously, also falls in this category by attempting to exploit the benefits of 
piezoelectric materials on the microscale. 

As is shown in [3], piezoelectric materials can be made to operate efficiently as electrome- 
chanical transducers, even at high mechanical loads. Like most so-called "smart" materials, 

piezoelectric materials have the drawbadc of being able to provide only minimal actuation 

stroke. They can, however, operate at very high firequecies, usually with a minimal reduc- 

tion in their actuation authority. Since the mechanical power output of a transducer will 

be proportional to Work/cycle x frequency, it is clear that high fi-equency operation is 
desirable for high power output. 

For high firequency operation of the piezoelectric material, the structure that is driven 

by this material should ideally have a high natural firequency. MEMS provides a means 

of producing small, stiff structures with high natural frequencies. MHT technology then 

uses hydraulic fluid as a rectifying medium. The energy is transferred firom the piezoelectric 

element to the fluid, which can then be used to drive, say, an hydraulic actuator at a slightly 

lower fi-equency to provide actuation for "real-world" mechanical applications, where the 

desired firequency of operation might be in the 1 - lOOHz range, compared to the lOkHz 
operation desired for the piezoelectric actuation element. 

Even on the microscale, however, the stroke provided by the piezoelectric material may 

not be sufficient to operate, for example, a microvalve in an MHT system. Therefore, 

for microscale applications of piezoelectric materials, there exists a definite need for stiff, 
compact stroke amplification mechanisms or devices. 
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Figure 1.3: 3D View of the layers of the MHT Device. 

The primary motivation for the development of a microscale hydraulic amplifier is this 

need for a "power-MEMS" type stroke amplifier for microscale piezoelectric applications, 
in contrast to previous stroke amplification devices, discussed in Section 1.2.2, and geared 

solely towards light-duty sensing and positioning applications. A secondary motivation for 
this research is the complete void in the field of MEMS in terms of either hydrauUc force or 
stroke amplification, and the need to gain some insight into the requirements with respect 

to the design and operation of such devices. 

1.4    Method of investigation 

Using the MHT device mentioned previously as a test bed, this work demonstrates that 

hydraulic amplification is a viable and an elegant means for stroke amplification. Figures 

1.3 and 1.4 show the major components of this device in more detail. As a full experimental 

microhydraulic transducer, this device has the following design features: 

Dimensions of 20 x 20 x 10mm 

Five silicon and four glass layers, making a nine layer device 
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Figure 1.4: Expanded cross section view of the MHT Device. 

• Three groups of three piezoelectric elements for three piezoelectrically driven microac- 
tuator structures 

Two hydraulically amplified active valves. 

One pumping (or energy generating) chamber 

In this work, the hydraulic amplifier under consideration, as a subcomponent of the full 

MHT device, is shown in Figure 1.5. The MHT system, and therefore also the hydrauUc 

ampUfier as one of its subcomponents, rely heavily on the use of tethered piston structures 

to create moving pistons on the microscale. These tethered pistons with flexural seals and 

rigid center bosses are compatible with conventional micromachining techniques, as we will 

discuss in Chapter 3. The operation of a basic tethered piston is shown in Figure 1.6. 

In the chapters that follow, the issues that had to be addressed with respect to the design, 
fabrication, fluid filling, sealing and eventual testing and evaluation of a successful MEMS 

hydraulic ampUfier will be discussed. Finally experimental results with good agreement to 
theoretical predictions are presented. 
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Figure 1.5: The hydraulic amplifier as part of the MHT device. 

(a) 

Figure 1.6: The operation of a tethered piston. All moving components rely on this mech- 
anism, (a) Shows an undeflected tethered membrane, and (b) one that has been deflected, 
either by a load at the center (e.g. piezoelectric actuation) or by a pressure differential 
applied over the structure. 



28      1   Introduction 



Chapter 2 

Design considerations 

In order to produce a successful hydraulic amplification device, whether be it on the mi- 

croscale or the macroscale, certain aspects of its design require careful thought to ensure 

that the functional requirements established be met. This chapter provides a brief overview 

of the issues that were addressed in the design of the particular hydrauUc amplification de- 
vice mentioned in Chapter 1. For a more detailed treatment of some the material presented 

here, the reader is referred to [19]. 

2.1    The ideal hydraulic amplifier 

When considering the design of a closed hydrauhc system which, to first order, obeys Pascal's 
law, it is always beneficial to keep in mind the ideal hydraulic amplifier ^. In the ideal 
hydraulic amplifier it is assumed that all structural components have infinite stiffness and 
that the coupling fluid is fully incompressible (i.e. infinite bulk modulus). Furthermore, it 

is assumed that the mass of all components are negligible, and that the device will have 
infinite bandwidth of operating firequency. It goes without saying that the device should be 

completely lossless. Figure 2.1 depicts a conceptually ideal hydraulic amplifier. 

In this case, due to conservation of mass, the ampUfication is given by the area ratio: 

(2.1) zi     Ai 
Z2      A 1 

'The electrical analogy to this would be the ideal transformer. See, for example [23] 
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Figure 2.1: The ideal hydraulic amplifier. 

2.2 The practical hydraulic amplifier 

By changing the following assumptions, the ideal hydraulic amplifier is transformed into a 
practical hydraulic amplifier: 

• The coupling fluid has a finite bulk modulus. 

• The structural components have nonzero compliance. 

• The structural components have mass. 

• The fluid itself also has inertia. 

• Provision should be made for losses. An example is viscous losses due to squeeze film 
damping, depending on the geometry of the device under consideration 

It will be obvious to the reader that, in particular, the added compliance (both fluidic and 

structural) of the practical hydraulic amplifier will be a dominant Umiting factor in the 

static performance of such a device. In this work we will be concerned mostly with the 
static behavior of hydraulic amplifiers as actuation couplers. 

2.3 The hydraulic amplifier evaluated in this work 

The hydraulic amplification devices that were evaluated in this work are schematically 

shown in Figure 2.2. These devices are constructed using microfabrication techniques. 
They feature two tethered-membrane piston-type elements. 
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Figure 2.2: Hydraulic amplification devices evaluated in this work: a) Static pressure actu- 
ated and b) Dynamic piezoelectrically driven. 
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These devices have the following design features and associated aspects that need to be 
addressed in analysis, fabrication and testing: 

• A nine layer device, with five silicon and four glass layers. 

• A tethered large piston structure, with the annular tether thickness defined by the 

thickness of the Silicon-On-Insulator (SOI) layers of Layers 4 and 5 in Figure 2.2. All 

pressures and deflections relating to the large piston will have subscript 1. Note that 

this piston is a double-tethered piston, designed to increase the natural frequency of 
the structure [19]. 

• A tethered small piston structure with the annular tether thickness defined by the 

SOI layer of Layer 7 in Figure 2.2. All pressures and deflections relating to the small 

piston will have subscript 2. If needed, more than one small piston can be driven 

from a single large piston. This work investigates the behaviour of two smaU piston 

configurations, namely a device with a single smaU piston, and also one with an array 
of ten small pistons. 

• An hydraulic amplification chamber formed by ultrasonic machining into glass Layer 
6 in Figure 2.2. 

In addition, the device can either be pressure actuated, as shown in Figure 2.2a, or it can 
be piezoelectrically driven, as shown in Figure 2.2b. 

2.3.1    Design considerations 

The design of the devices mentioned in Section 2.3 was accomplished through use of the 
following techniques ^: 

• Baseline design of the final MHT device as a starting point for the design process [4]. 

• System-level design of the final MHT device to determine the required pressures and 

deflections. These were used as the structural inputs for the design steps that followed 
[24], [19]. 

''The author gratefully acknowledges the work done by D.C. Roberts, O. Yaglioglu, Y.-H. Su and J.A. 
Carretero in terms of the structural and fluidic modeling of this device 
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Figure 2.3: Nomenclature for a piston with mierofabricated membrane tethers 

• PreUminary design of the tethered membrane structures through use of a nonUnear 
annular plate code [25], [19]. This also included a coupled modeling of the HAC using 

a nonlinear plate code for the tether-membrane structures and a linear plate equation 

for the bending of the large piston to produce an iterative nonlinear model of the 

HAC. 

• Verification of proper chamber height to minimize squeeze film damping efi'ects [26]. 

• Verification of the initial design through finite element simulation [19]. 

2.3.2    Critical dimensions of the devices built 

Figure 2.3 outlines the revelevant dimensions that are important when designing a tethered 

piston structure. I^bles 2.1, 2.2, 2.3 and 2.4 provide the dimensions obtained for two types 

of hydraulic amplifier, designed using the procedures described in 2.3.1. (See [19] and [24]) 

The associated material properties are given in Appendix A for reference. 

2.4    The stiffness matrix of a flexural seal based hydraulic amplifier 

To evaluate the stiffness of an hydraulic amplification device, it is sometimes useful to define 
a stiffness matrix to enable one to evaluate the performance of the device as a mechanical 
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ra 3613/im Outer radius 
rb 3388/jm Inner radius 
Wr 20/jm Fillet width 
Cty 400pm Wafer thickness 
tm = tsOl 10/im SOI thickness 

Tkble 2.1: Large piston dimensions for all hydraulic amplifiers built 

ra. 696pm Outer radius 
n 254pm Inner radius 
Wr 20pm Fillet width 
*'W 300pm Wafer thickness 
tm = tsoi 7pm SOI thickness 

Table 2.2: Small piston dimensions for hydraulic amplifiers with a single small piston 

ra 368pm Outer radius 
rb 97pm Inner radius 
Wr 20pm Fillet width 
*w 300pm Wafer thickness 
tm = tsoi 7pm SOI thickness 

Tkble 2.3: Small piston dimensions for hydraulic amplifiers with ten small pistons 

Vc 8.3ni Chamber volume 
he 200pm Chamber height 

Table 2.4: Other dimensions and values 
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transducer or coupler. This also aids in visualizing the effect of various compliances in the 

system, and assists in debugging, should fabricated devices not perform to expectations. 

In such a device, various compliances of different orders of magnitude can be present. For 

example, the working fluid might be a very stiff part of the hydraulic amplifier, especially 

when dealing with flexure-sealed structures, as is the case for the devices considered in this 

work. In this scenario, the membranes themselves will typically be the most compliant 

elements and the effect of this compliance can readily be incorporated in the models used 

to design the hydraulic amplifiers [19]. However, the introduction of a bubble into the 

fluid might affect the effective bulk modulus of the chamber by orders of magnitude, hence 

making the fluid a compliance that needs to be considered as well. 

We will introduce the concept of a stiffness matrix by considering a much simplified case, 

using, instead of fluid, pistons and pressures, a simple spring system. Thereafter, we will 

consider a fictitous hydraulic amplification device with perfect sliding seals, to introduce 

the concept of amplification into the stiffness matrix. Thereafter, we will consider the more 

complex case of a tethered structure where the fluid pressure is now acting not only on 

the pistons but on the membrane tethers themselves. In all the arguments presented, we 

will deal with a linear coupler. Introducing nonlinearity will invalidate the simple concept 

of a stiffness matrix and will require, rather, a stiffness function to be considered, as is 

mentioned in Section 2.5. In addition, we only consider a static, pressure actuated hydrauUc 

amplification device in this argument. 

2.4.1    A simple spring-based analogy 

In this case, as shown in in Figure 2.4, we can write down the following stiffness matrix for 

the system: 

Fi 

F2 

kc + ki 

kc + k2 11:1 (2.2) 

The inverse of this matrix will be the compliance matrix. In Equation 2.2 the springs fci and 

k2 are equivalent to the membrane tether stiffnesses in the hydraulic amplifier depicted in 

Figure 2.2, and the spring kc is related to the lumped stiffness of the chamber itself, including 

the bulk modulus of the fluid as well as the compliance of the tether seals.  Note that if 
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Figure 2.5: An hydraulic amplifier with sliding seals 

ki =k2 = 0, the matrix will be singular. In general, soft springs are desu-able for fci and 

A;2, and a hard spring is desirable for kc- This implies that, in general, the stiffness matrix 

will be almost singular. In the discussions that follow, both in this chapter, and also in 

Chapter 6, reference will be made to this fact. However simple it may be, this three-spring 
analogy proves to be the most useful in understanding and conveying the basic compliance 

effects that need to be considered when designing and testing an hydraulic amplifier. The 
paragraphs that follow will look at particular cases in more detail. 

2.4.2    An hydraulic amplifier with sliding seals 

Here an ideal hydraulic amplifier with return springs and a finite fluid bulk modulus is 
considered, as shown in Figure 2.5. In this case we can say the following about the pressure 
aicting on the large piston: 
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Pi   = 
h        PfAVi     PfAV2 

ki_        fifAjZi     fifA2Z2 

^/' Vc Vc 
(2.3) 

Note that, in this case, the chamber compliance only depends on Pj, the bulk modulus of 

the fluid. At this point it makes sense to introduce the concept of what can be defined as 

the inverse compressibility matrix, given in Equation 2.4, which gives as result a vector of 

pressures rather than a vector of forces when it operates on a displacement vector. It can 

therefore also be called a displaceinent-pressure operator. In the SI system it has units of 

Pa/m. 

{S} Vc ^\ Ai      ,        Vc 
PfAi P,A2    I    k2 

Vc Vc    ^'li {:} (2.4) 

Note that the inverse compressibility matrix, as shown in Equation 2.4 is, in general, not 

symmetric. We can proceed to define the stifi'ness matrix as follows: In Equation 2.5, the 

effective force on the large piston can be defined. 

Feff,l = PlAl = hzi + -^Y^Zl - -^ Z2 (2.5) 

Similarly, we can also write the expression for the effective force on the small piston: 

Fcff,=P.A2 = k2Z2 + ^Z2-^Z, (2.6) 

This enables us to define the stiffness matrix for an hydraulic amplifier with sliding seals: 

I5H Pf^i + ki 
PfAiA2      Ml,, Id (2.7) 

This stiffness matrix is symmetric. Furthermore, it is almost singular, just like the previous 
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matrices in Equations 2.2 and 2.4. 

2.4.3    An hydraulic amplifier with flexural seals 

We are now ready to consider an hydraulic amplifier of the type investigated in this work. 

A simplified schematic view is shown in Figure 2.6. In this case the flexural seals contribute 

to the compliance of the HAC, and it is necessary to revert to the effective chamber bulk 

modulus (/3c) first introduced in Equation 2.2 to account for this additional compliance. 

In addition, the flexural seals, or tethers, also act as part of their respective pistons. It 

therefore becomes neccessary to define an effective area for the pistons that mcludes a 

portion of the tether area. Introducing the changes into Equations 2.4 and 2.7, we obtain 
the following expressions: 

{1} 
0c A hill + Pc^2.eff 

^2.«// {::} (2.8) 

yc vc 

Vc Vc       ^ '^2 I:} (2.9) 

The use of effective areas in the equations mentioned above brings with it the complication 
of correctly defining these areas. To correctly define the effective area, one needs to find the 

equivalent diameter of a rigid sliding piston, as discussed in Section 2.4.2 that will, for a 
given deflection, z, produce the same volume change, AF as a piston with annular flexural 

seals. In the case where the deflections are small, this approximation is feasible. For large 

deformations, one will find that the effective area will change throughout the stroke of the 
piston. 

Because all experimental work presented in Chapter 6 was done by means of applying 

pressure loadings and measuring resultant displacements, we will use the following version 
of Equation 2.8 firom now on: 

{^:}= {:} (2.10) 
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Or, in vector-matrix notation: 

P = Dz (2.11) 

Where, in this inverse compressibility matrix, we note that, for small deflections of either 
the large piston or the small piston, when they are tested individually, and not as part of 

the coupler, we can write: 

■Pi   =   i/'izi 

P2     =    -^222 

(2.12) 

And, furthermore: 

71. = 

72   = 

Vc 

The inverse of this matrix, the compressibiUty matrix, will then have the form: 

[.If A _ 
0cl2 + V2 Pc72 

Pell Pell + V"! 

A     =     /3c7lV'2 + A72V'l + V'l'/'2 
{^:} (2.13) 

Or: 

z = CP (2.14) 

2.5    The nonlinear case 

When deahng with large displacements^, there no longer exists a stiffness matrix for the 

hydraulic coupler, but rather, a stiffness function. Or, in the case of pressures and displace- 
ments, an inverse compressibility function, as shown in 2.15 and a compressibility function 

^In the case of plate structures, including the tethered piston shown in Figure 1.6, a "large displcu;ement" 
is typically assumed to be approximately > 1/3 of the plate thickness, in this case tsoi- 
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Figure 2.6: A simplified schematic of the static hydraulic amplifier 

as in 2.16: 

(2.15) 

^1   =   f{PuP2) 

Z2   =   g{PuP2) 

(2.16) 

2.5.1    Nonlinear modeling and design of the hydraulic amplifier 

Expressing the functions f,gj and g shown in (2.15) and in (2.16) in analytical form is 

not trivial. Indeed, in this work, no closed-form expressions were ever derived for f,g, f or 

g. Using numerical modeling one can, however, evaluate these functions numerically. 

Under numerical modeling, we also imply the numerical solution of the large deformation 
equations for an annular plate with a rigid center boss, as described in detail by Su and 

Roberts [25],[19]. With the theory described in these references, one can proceed to set up 

the nonlinear quasi-static model of the hydrauUc amplifier in the following manner: 
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• Model the two tether structures, that is, the small piston tether and the large piston 
tether, using the nonlinear annular plate theory described in [25] and [19]. Note that 

the large piston deflections (^i) were small in this work, and a linear plate theory 

would also have sufficed for the large piston. 

• Add additional compUance due to bending and shear of the large piston. Here, a 

linear thick plate theory, including shear deformation, can be used. The classical 

reference is Timoshenko [27]. The small piston center boss is assumed to be rigid. 

This assumption was irailid for the geometry used. 

• Model the fluid as a closed hydraulic volume with a constant bulk modulus. 

We then have a coupled system. The inputs, or "loading" of the system aie the two 

pressures, Pi and P2. The unknown pressure is PRAC- We know the following: 

zi   =   MPUPHAC) (2.17) 

Z2   =   MP2,PHAC) (2.18) 

PHAC   =   h{^Vf)=Pf^ (2.19) 

We further know that the volume change caused by the large piston, the volume change 

caused by the small piston and the volume change due to fluid compression must add up 

to zero*: 
A^i + AV2 = AF/ (2.20) 

Furthermore, the volume changes can be described by : 

AFi   =   9i{zi) = gi{h{Pi,PHAc)) (2.21) 

A^^2     =     g2{z2)=92{h{P2,PHAc)) (2-22) 

^Vf   =   ^^^ (2.23) 

Where we note that AV\ and Al^ in (2.21) and (2.22) are now nonlinear functions of the 

inputs. Pi and P2- The method for obtaining these functions is described in detail in the 

work by Roberts and Su. 

The system in (2.21)-(2.23) can be solved iteratively in a cascaded iteration procedure. 

Iteration is performed to determine AFi and AV2, based on the nonlinear plate theory. 

■"Where everything that causes a volume reduction of the HAC is considered negative, and everything 
that causes an increase is positive in this relation. 
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using an assumed PHAC as an initial guess. Then, by using Equation 2.20 with a suitable 
convergence criterium, the final coupled solution can be obtained. The functions for AFi 

and AF2, although nonlinear, are well-behaved, and most numerical techniques should work. 
In this work, a simple bisection method was used^. (See, for example [28].) 

2.5.2    Nonlinear simulation results 

Using the techniques described in Section 2.5.1, the two configurations (one or ten small 

pistons) of hydraulic amplifiers were modeled^ Figures 2.7 to 2.10 are the results of simu- 

lations on an hydraulic amplifier with one small piston, and Figures 2.11 to 2.14 show the 

expected behavior of a device with 10 small pistons. Note: The results shown here were 

computed for tsoi = Spm for the large piston and tsoi = 6^Tn for the smaU piston. These 

values are closer to the measured and expected thicknesses of the actual devices that will 

be discussed in Chapter 6. It was therefore decided to show results that agree with the 
model predictions in Chapter 6, rather than results based on the design values mentioned 
in Section 2.3.2. 

By performing suitable interpolation, the functions / and g, introduced in (2.16), can be 
plotted as 2-variable functions in three dimensions. The results are shown in Figure 2.15. 
These functions will receive some further attention in Chapter 6. 

2.6    Summary 

This chapter briefly addressed the relevant aspects that need to be considered in order to 

design a flexural seal based hydraulic amplifier. For a more detailed treatment of the design 

considerations the reader is referred to the works mentioned in Section 2.3.1. In addition, 

the concept of the hydraulic amplifier as a two-port coupler was introduced. In the linear 

case, a 2 X 2 stifi'ness matrix can be defined for this coupler. In the nonlinear case, it 

becomes two coupled nonlinear functions. Designing a working hydraulic amplifier implies 
that careful consideration should also be given to the method by which it is going to be 

fabricated. The next chapter addresses the issues relating to the fabrication and assembly 
of the MEMS-based hydraulic amplifiers evaluated in this work. 

'The relevant computer codes can be found in Appendix D 
D.C. Roberts kindly contributed the results presented in this section. 
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Figure 2.7: Large piston simulation results for an hydraulic amplifier with one small piston. 
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Figure 2.8: Small piston simulation results for an hydraulic amplifier with one small piston. 

*50/,i = 8/jm, tso/,2 = 6/jm. 
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100 200 300 
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Figure 2.9: PHAC as a function of Pi for an hydraulic amplifier with one small piston. Note 
that the slope of all three lines is approximately equal to 1, indicating that Pi ss PHAC, 

which proves that the large piston essentially acts as a pressure transfer element for the 
geometries designed. tsoi,i = 8/im, tsoifi = 6/im. 
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Figure 2.10: Maximum stress in the small piston membrane tether for an hydraulic amplifier 
with one small piston. tsoi,i = 8nm, tsoifi = 6/XTO. 
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Figure 2.11: Large piston simulation results for an hydraulic amplifier with 10 small pistons. 
tsoi.i = ^y^'m, tsoi,2 = 6/im. 
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Figure 2.12: Small piston simulation results for an hydraulic amplifier with 10 small pistons. 
tsoi,i = Sum, tsoi,2 = 6/im. 
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Figure 2.13: PHAC as a function of Pi for an hydraulic amplifier with 10 small pistons. Note 
again that the slope of all three lines is approximately equal to 1, indicating that Pi « PHAC, 

which proves that the large piston essentially acts as a pressure transfer element for the 
geometries designed. tsoi,i = 8/im, tsoifl = 6/im. 
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Figure 2.14: Maximum stress in the smaU piston membrane tether for an hydraulic amplifier 
with 10 small pistons. tsoi,i = 8/um, tsoi,2 = 6/im. 
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P,(kPa) 

Figure 2.15: Small and large piston defiections as functions of both Pi and P2 for a device 
with 10 small pistons. These two graphs can be seen as numerical representations of 5 and 
/of Equation 2.16. 



Chapter 3 

Fabrication and device assembly 

Eflfective fabrication of a fluidic-based power MEMS device is often a complex task. In 

many cases, where conventional micromachining technology is used, through-wafer etching 
is required. In addition, multiple layers are usually needed to create the desired three- 

dimensional structures that would make up a device consisting of moving parts, flow chan- 
nels, inlet and outlet ports and electrical connections. In [22] an interesting example of such 

a multi-faceted process is presented. This chapter will address the fabrication techniques 

that were used to produce the hydraulic amplification devices evaluated in this work. 

3.1    Fabrication overview 

In Chapter 2 the two types of devices investigated in this document were introduced. For 

both devices shown in Figure 2.2, the fabrication process required to produce a device can 
be divided into the following major subtasks: 

• Silicon tethered membrane fabrication, using Silicon-On-Insulator (SOI) wafers. 

• Structural silicon layer fabrication.   Double-side polished wafers are used for this 

purpose. 

• Glass layer fabrication by ultrasonic machining.  The glass used was Pj/rex'^^7740 

by Corning. 

• Wafer scale fusion bonding of silicon-siUcon wafer pairs and anodic bonding of silicon- 

glass wafer pairs. 

• Die-level alignment and anodic bonding to complete the assembly. 

In the case of the piezoelectrically driven device, a piezoelectric element has to be integrated 

during the final bond step. For more information, the reader is referred to [19] and to [29]. 
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Figure 3.1: Selected steps of the process required to produce a tethered silicon membrane 
structure. 

3.2    Process flow for creating silicon membrane structures 

Figure 3.1 depicts the process used to produce the siUcon membrane structures used in the 
devices characterized in this work^ A scanning electron micrograph of such a structure 

is shown in Figure 3.2. The process flow for creating a structure like this from an SOI 
substrate can be summarized in the following steps [30]: 

1. Start with a Silicon on Insulator (SOI) wafer, double side polished. Device layer 

thicknesses of 7/im to 10/im were used. The wafer thicknesses ranged from 300 to 
400/im. 

2. Grow first layer of protective thermal oxide at 1100°C, 0.6/im thick. 

3. Pattern align marks on both sides, using OCG825 standard thin photoresist. Etch in 
7:1 Buffered Oxide Etch (BOE). 

4. Etch align marks in Silicon using reactive ion etching (RJE).. 

5. Grow second layer of protective thermal oxide at 1100°C, to a total thickness of 1.7/iTn. 

6. Pattern oxide using BOE, to define the nested mask 

'For corresponding mask sets, the reader is referred to Appendix E 



3.2   Process flow for creating silicon membrane structures      51 

Courtesy of K.T. Tttrner.  Created from two seperaie images. 

Figure 3.2: Scanning Electron Micrograph (SEM) of a prototype large piston. This piston 
was cut in half for illustrative purposes. Also note that this piston was fabricated using a 
single deep etch. No stepped features are visible on the sidewalk. 

7. Recoat with photoresist, using Clariant AZ4620 thick photoresist. A thickness of ap- 

proximately 10/iTO after baking is desired. Define the first Deep Reactive Ion Etching 
(DRIE) etch mask. Mount the wafer on a handle substrate using AZ4620 photoresist. 

8. Perform the first deep etch using an STS ICP DRIE tool ^ to approximately 20/zm 
away fi:om the buried oxide. Dismount wafer in acetone and strip photoresist using 

a process consisting of burning the organic materials ui an oxygen plasma ("ashing") 

and performing a chemical cleaning step, using a mixture of 3 parts H2SOi added to 

1 part of H2O2 ("Piranha cleaning"). 

9. Remount wafer on handle substrate and perform the final etch. 

10. Dismount in acetone, and clean using again ashing and piranha. Just prior to fusion 
bonding, the oxide would be stripped with BOE and an RCA cleaning step would be 

performed. 

The procedure described above will allow the fabrication of a basic tethered silicon mem- 

brane structure. It has been found that some amount of exposed siHcon outside of the 

etched membrane features, as provided by the nested mask process, tends to simplify the 
fillet radius control procedure somewhat. This procedure is described in Section 3.2.1. 

Additional features, e.g. flow channels, can be defined in the nested mask and the nested 

mask etch depth can be tailored (within the bounds of the wafer's structure) to suit the 

requirements of the features needed. Figure 3.3 shows two examples of what can be achieved 

^Please refer to Appendix B for non-standard fabrication tools used. 
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Figure 3.3: SEM images of typical channel structures that can be realized with a nested 
mask process, (a) depicts a checkvalve, as was used in the pump described in [15]. (b) shows 
a ten-valve manifold of the MHT device shown in Figure 1.1. This manifold has undergone 
its first deep etch, and is ready for the nested mask etch. Numerous shallow etches can be 
used, as is shown here, to define additional shallow features. 

using the nested mask process. Note that in addition to the two deep etches allowed by the 
nested mask process, additional shallow features can be added. The depth of these shallow 
features is limited by the Uthographic process. In this work it has been found that features 
deeper than approximately 20/jm (and of in-plane dimensions greater than ~ SOO/im) will 

not be well suited to an additional Uthography step involving the spin-casting of photoresist 

and subsequent exposure. Another interesting observation is that the nested mask, a hard 

Si02 mask, will generally provide a smoother sidewall than the initial photoresist mask. 

This can be attributed to a phenomenon sometimes referred to as "micromasking"', where 

photoresist is removed from the top of the substrate by the DRIE process, and subsequently 
redeposited on the trench walls, leading to sidewall roughness. 

3.2.1    Membrane fillet radius control 

An aspect not addressed until now has been the nature of the fillet feature (See Figures 

3.4 and 3.5) at the bottom of the etched trench after the final DRIE etch described above. 

It has been shown [29] that a proper fillet feature is critical when high strength membrane 

tethers are desired, as is the case for the MHT device. Attaining a good fillet feature can 
be a daunting task, primarily due to a combination of the following two effects: 
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Figure 3.4: Idealized fillet feature at the bottom of the etched trench. 
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Bad fillet, 
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Courtesy of K.T. Turner. 

Figure 3.5: Two possible outcomes after etching an SOI membrane using DRIE: (a) Good 
fillet feature obtained by proper timing of the deep etch and (b) an undercut fillet fea- 
ture. Undercut will cause a stress concentration, significantly reducing the strength of the 
structure. 
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• Nonuniformity in the DRIE etching using current DRIE technologies. 

• The natural tendency of the DRIE process to undercut and produce a "footing" 

feature, rather than the desired fillet feature, when the buried oxide etch stop is 

reached as is shown in Figure 3.5. (For an explanation of this phenomenon, see, for 
example, [31].) 

In this work, the membranes were fabricated using an iterative process involving multiple 

etching and mspection steps for the width of these membranes. The membrane widths were 

estimated during processing using a microscope with a calibrated reticle. Membrane width 

was found to be the preferred parameter for fillet radius quality control, rather than the 

fillet width itself, due to difficulties associated with properly estimating the endpoint of the 
fillet. 

Should, upon inspection, it be found that a particular membrane was properly etched, this 

membrane would then be covered with OCG825 photoresist using a bent wke to deposit 
a droplet of photoresist on the feature. The photoresist would then be baked for approxi- 

mately 5 minutes, after which a second coating of photoresist would be apphed, and another 
baking step for approximately 10 minutes would follow. Afterwards, the wafer would be 
returned to the DRIE tool for further etching. 

This procedure would be repeated until all the membranes have been fully etched. After 
this step, the wafer would be prepared for fusion bonding. 

It has also been shown that surface roughness can have a significant effect on the effective 

fi-acture strength of silicon, due to the fact that it is a brittle material with no plastic 

deformation at room temperature [32]. On the large piston tether membranes, the decision 

was made to switch to an isotropic etch recipe in the DRIE process in an attempt to further 
improve the surface finish of the fillet features. Tolerance constraints did not allow this 
procedure to be performed on the small piston membrane tethers. 

3.3    Silicon fusion bonding techniques 

Silicon fusion bonding is the process by which two siUcon substrates having surfaces with 

roughness no greater than lOA and minimal bow are brought into intimate contact. Van 
der Waals forces keep the wafers in contact. Subsequent annealing at temperatures above 
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1000''C will result in a bond strength approaching that of single crystal silicon [33]. For 

successful fusion bonding, substrate surface finish and cleanliness is of the utmost impor- 

tance. 

The devices evaluated in this work required two seperate wafer-scale silicon-silicon fusion 

bonding steps to be performed: 

• Bond Layers 4 and 5 to form a double-tethered piston structure. (For the layer 

numbers, see Figure 2.2) 

• Bond Layer 7, the membrane layer, to Layer 8, the fluid channel layer that provides a 

pressurization path to the top of the membranes, and also forms a proper "clamped" 

boundary condition for the membrane tether. 

The bond between Layers 4 and 5 proved to be challenging, due to the very compliant nature 

of the wafers being bonded. Figure 3.6 illustrates the large amount of material removed 
from these wafers during processing. To prevent these wafers from becoming stuck during 

alignment prior to bonding, it was necessary to increase the seperation of the wafers from 

the 75/im normally used to approximately 150/iim. All silicon fusion bonds were performed 

using an Electronic Visions EV450 aligner and ABl-PV bonder. 

3.4    Anodic bonding techniques and die-level assembly 

3.4.1    Wafer-scale anodic bonding 

Due to electrical constraints in the full MHT device, it was required that the three large 

pistons of this device, as well as their lower electrodes, be fully electrically insulated from 

each other. The insulation was accomplished by etching a Y-shaped trench in each die. 

This enabled the three pistons to be insulated after die-sawing [30]. See Figure 3.6 and also 

Figure 1.3. 

This feature required that Layers 4 and 5 in Figure 2.2 be anodically bonded to Layer 6 on 

the wafer scale prior to dicing. For the same reason. Layers 1 and 2 had to be bonded on 
the wafer scale for the piezoelectrically driven devices. In this particular case, it was crucial 

to ensure a proper surface finish on the glass after bonding to allow subsequent bonds to 

be performed in order to create a multi-layered sandwich structure. 
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Courtejy of H.Q. Li. 

Figure 3.6: Deep etch mask for Layer 4. Note the Y-shaped trenches on each die. Re- 
moving large amounts of material may result in excessive wafer bow and problems with 
pre-ahgnment stiction-. 

Figure 3.7 illustrates the basic principle of anodic bonding. An anodic bond between silicon 

and a suitable glass (for example, Pyrex^^ 7740) is formed by placing a smooth silicon 

surface in contact with a smooth glass surface. Thereafter, this silicon-glass stack is heated 

to mobilize the ions in the glass. An electric field is then appUed across the glass by 
contacting the silicon and glass layers. This field acts to draw sodium ions away fi-om the 

bond interface, leaving behind oxygen ions which then bond to the silicon, forming 5102 
[33]. The applied field also has the effect of causing an electrostatic attraction between the 

silicon and glass layers, ensuring intimate contact. Note that this field effectively acts only 

across the depletion zone shown in Figure 3.7, and the attraction is therefore quite strong. 

From Figure 3.7 it should be clear to the reader that the sodium ions migrating away fi-om 
the bond interface will eventually manifest themselves as a sodium compound (NaOH) 

on the glass surface [34]. This accumulation of sodium is generally associated with surface 
damage. To minimize this damage, it was found to be necessary to create a uniform smooth 
and flat graphite electrode as a contact to the glass layer. It was found that any surface 
irregularities in the electrode would exacerbate the accumulation of sodium compounds in 
the regions of those irregularities. 
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Figure 3.7: The basic principle of anodic bonding. 

When assembling multi-layer Si-glass sandwich structures, it is also important to bear in 

mind that the bond time should be long enough to ensure a complete bond, but no longer. 
Any additional time after the bond is complete will once again only tend to exacerbate the 

accumulation of unwanted sodium on the electrode side of the glass. In addition, when 

performing the second anodic bond, it is possible to use the first bonded silicon layer as the 

glass contact for this bond. In this case, particular care should be taken not to overbond, 

as one will run the risk of forming precipitates in the glass, observed as brown speckles. A 

further discussion of this phenomenon is found in [35]. With all anodic bonding performed 

for the hydraulic amplification devices, it was found to be very useful to monitor the bond 

current during the bond. Usually, the bond was assumed to be complete when the current 

had fallen to approximately 1/8 of its initial value. 

In all anodic bonding performed, both on the wafer level and the die level, a voltage of 
lOOOV was used, at a temperature of 3Q0°C. The bond time depended on the thickness 

of the glass layer which ultimately determined both the field strength and the amount of 

sodium that had to be transported. In all cases, the 1/i value criterium was used. All 

bonds were performed at atmospheric pressure, except for the final die-level bond on the 

piezoelectrically driven devices. This bond had to be performed in a reducing atmosphere 

[29]. 
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Figure 3.8: Anodic bonding jig. 

3.4.2    Die-level assembly 

To complete the assembly of an hydraulic amplification device, it was required to anodically 
bond, on the die level, the following sets of layers (See, again. Figure 2.2): 

• Layers 1 and 2, wafer scale bonded anodically. 

• Layer 3 - a seperate glass layer. 

• Layers 4, 5 and 6, fusion bonded and anodically bonded on the wafer scale. 

• Layers 7 and 8, fusion bonded on the wafer scale. 

• Layer 9 - another seperate glass layer. 

To facilitate alignment on the die-level, an alignment jig, shown in Figure 3.8 was built. 
(See Appendix C for the detail design of this jig.) This jig reUes on 2D kinematic alignment 

of dies, and requires that all dies be the same size. This feat is accomplished by ensuring 
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Figure 3.9: Three-point alignment as used in the anodic bonding jig. The three pins were 
made from glass-mica machineable ceramic. 

that all dies are cut with the same blade during the dicing operation. The jig has three pins 

that allow the dies to be pushed into an alignment corner, as shown in Figure 3.9. This 
ensures that the three degrees of freedom are constrained. Figure 3.10 shows the jig with a 

device that is being bonded. The clamping, contacts and alignment pins are all visible. 

The following bond sequence was used in the assembly: 

1. Bond the Layer 1-2 pair to Layer 3. 

2. Bond Layer 9 to the layer 7-8 pair. 

3. Bond the stack of Layers 4-5-6 to Layers 7-8-9 

4. Finally, bond the lower part of the device. Layers 1-2-3, to the upper part. Layers 

4-5-6-7-8-9. 

In the case of the piezoelectrically driven hydraulic amplifiers, the final anodic bond was 

performed together with a solder bond to attach the piezoelectric element to the large piston 

of the hydraulic amplifier. This procedure is described in detail in [19] and [29]. 

Figure 3.11 shows a fully assembled hydraulic amplifier. 
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Figure 3.10:  Close-up of the anodic bonding jig, with a device being bonded.   Note the 
alignment by alignment pins, the wire contacts, the clamping method and the insulation. 
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Figure 3.11: Assembled static hydraulic amplification device with ten small pistons and one 
large one. Each such stack contains two independent hydraulic amplification devices, (a) 
Shows a top view, with the two sets of ten small pistons, and (b) a bottom view, with the 
two large pistons. Note the third piston, which is not used for this device, but only for the 
full MHT device mentioned in Chapter 1. 
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3.5    Summary 

In this chapter we looked at a typical process flow for producing a multi-layered silicon- 

glass bulk micromachined hydraulic amplification device. To build a device such as shown 

in Figure 3.11, it was neccessary to develop, in addition to what can be considered a 

"conventional" DRIE-based process flow, techniques for: 

• ControlUng the fillet radii of deep etched trenches in SOI wafers and 

• Wafer-level and die-level aligned anodic bonding to create silicon-glass sandwich struc- 

tures. 

After assembly, the hydraulic amplification device is still in a particulate-firee condition. The 

next step, before operating the device, involves filUng and sealing of hydraulic ampUfication 

chamber. These procedures are described in Chaper 4. 
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Chapter 4 

Filling and sealing techniques 

In Chapter 2 it was shown that, for effective hydraulic amplification, compliance of the 

system needs to be minimized. Hence, reliable filling and seafing techniques were required 

to ensure the stiffest hydraulic amplification chamber possible. This chapter describes filling 

techniques initially developed by Boston MicroSystems [36], and further refined for the 
particular devices tested here. It also addresses the sealing techniques that were developed 

to properly seal the hydraulic amplification chambers for either static or dynamic sealing 

purposes. 

4.1    Filling techniques 

4.1.1    Fluid requirements 

For the full MHT device, the working fluid had to satisfy the following requirements [36]: 

• Low viscosity, for minimal viscous losses. 

• High bulk modulus, for minimal compliance. 

• Should wet silicon surfaces well, to ease filling of small cavities. 

• Should be dielectric, due to the high voltage operation of the device. 

Based on these requirements a volatile sihcone oil, Hexamethyldisiloxane (Produced by Dow 

Corning under the trade name DC200 0.65cst), was chosen as the system fluid. This was 

also the fluid used in all hydraulic amplifiers tested in this document. This is based on the 

assumption that the filling procedure used to fill the HAC's would also be used to fill the 

device itself at the same time, requiring that the fluid in the HAC be the same as the fluid 
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Figure 4.1: Bulk modulus vs. fluid pressure for a selection of volatile silicone oils, adapted 
from data as supplied by Dow Corning [37]. Note that the amount of outgassing performed 
on these fluids is unknown. 

in the device. In other applications, or using different filling techniques, this requirement 
of using one type of oil for the whole MHT system could probably be relaxed. 

The properties of various silicone oils indicate that there is a tradeoff between viscosity and 

bulk modulus. This is also shown in Figure 4.1. In the case where it is possible to use a 

different fluid in the HAC, it might pay off to investigate slightly more viscous fluids with 

higher bulk moduli. Note, however, that filling of the HAC, as described in the previous 

section, relies on the working fluid also possessing a high vapor pressure. This requirement 
eliminates most of the high viscosity oils. (See Figure 4.2) 

4.1.2    Filling process 

To ensure bubble-free filling of the HAC, a filling system and associated filling process was 

developed. Figure 4.3 shows a schematic of the apparatus and Figure 4.4 is a photograph 
of the same apparatus. 

To fill and seal an HAC, the following process was developed: 

1. Set the initial condition of the system: All valves closed. 

2. Open Tank B, and place the device test jig (Discussed in Chapter 5), as well as the 



4.1   Filling techniques      65 

300 400 450 
Temperature (K) 

500 550 

Figure 4.2: Vapor lines for a selection of linear siloxanes, adapted from [38]. The graphs 
show the vapor lines for Hexamethyldisiloxane (MM), Octamethyltrisiloxane (MDM), 
Decamethyltetrasiloxane {MD2M), Dodecamethylpentasiloxane (MD3M) and Tetrade- 
camethylhexasiloxane (MD4M). Dow Corning DC200 0.65cst consists of MM and trace 
impurities. The other viscosities may contain blends of the compounds mentioned above. 
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Figure 4.3: Schematic representation of the filling system 
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Figure 4.4: The fluid filling system. The cold traps are not shown in this photograph. 

device, inside. Do not mount the device in the jig yet. This will be done after filling. 

Also do not install any o-rings in the jig. They are installed after filling. Close Tknk 
B. 

3. Start vacuum pump VPl. 

4. When sufficient vacuum has been attained in the cold traps, CTl and CT2, fill CTl 
and CT2 with liquid nitrogen. Open ball valves V5 and VI. 

5. Substep if Tank A ts not already filled with silicone oil: Connect silicone oil reservoir 

(not shown) to Tank A via V6. FTl will filter the inlet stream. Open V6 and V2. This 

will draw the silicone oil into Tank A, and simultaneously outgas the oil. Dissolved 

gases tend to reduce the effective bulk modulus of the oil, an undesired effect. After 

Tank A is filled, Close V6 and V2. Disconnect silicone oil reservoir and vent Tank A 
to atmosphere through V6. 

6. Open V3. Evacuate Tank B to bmmHg or less. 

7. Vapor purging step: Slowly open V4 and allow a small amount of silicone oil to flow 

into Tank B. In this case, a fluid level of approximately 10mm was used in Tank B. 
Close V4. 

8. Continue pumping on Tank B for approximately 90 minutes. All of the oil in Tank B 
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should have evaporated, and would have been caught in CTl. Ensure that T^nk B is 

at a pressure of 5mmHg or less. 

9. Filling: Close V3. Slowly open V4 and allow the fluid to submerge the jig and the 

device. Close V4 when the contents of Tank B are submerged. 

10. Pressurising: Open V7 and needle valve NVl. Adjust the regulator, APRl, to pro- 
vide an absolute pressiure of 1.5otm. This will ensure that the pressure in the HAC 

asymptotes to a slightly higher pressure than atmosphere. 

11. Reduce the pressure in Tank B to latm absolute pressure, and open Tknk B. 

12. With the device and the jig still submerged, insert the o-ring seals into the jig, mount 

the device and clamp to seal. 

4.1.3    Initial tests 

In this work it was neccessary to fill a dead volume of approximately 8.3nl through a channel 

of dimensions lOfim x 10/im x 1mm. The motivation for this channel will be discussed in 
Section 4.2.2. The nature of the design of the hydraulic amplification devices prevented any 

visual inspection of the HAC for bubbles after filling. It was therefore essential to verify the 

filling procedure described in Section 4.1.2, and to ensure that it was very robust. To this 
end, a set of experimental devices was fabricated in such a manner that the filling procedure 

could be seen through a suitable glass window. A device consisting of a glass-silicon-glass 
sandwich structure was fabricated using DRIE and a simple two step lithography process. 

A completed filling test chip is shown in Figure 4.5. Assembly was performed on the die 

level, using simultaneous anodic bonding of the top and bottom glass layers. In this case, 
conventional machining, using diamond tools, was used to drill holes in the top glsiss layer. 

Using the procedure as described above, and visually monitoring the filling of each chamber 

using a microscope, it was verified that bubble-free filling could be obtained. The filling 

time after initiating the pressurization step was found to be approximately 7 minutes. After 

this time, no visible bubbles were detected. Two of these devices were assembled, giving a 

total of fom: chambers to be filled. Both chips were filled successfully on the first attempts 
to fill them. These results provided the needed confidence to fill and test the fuU hydraulic 
amplification devices. 
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Channel 

Figure 4.5: (a) Experimental filling test chip with two 10/im x lOfim x 1mm channels and 
matching dead volumes, (b) Detail of the filling channel. The dead volume had to be 
evacuated through this channel prior to filling. 

4.2    Sealing concepts 

Sealing of an hydraulic amplifier can be challenging. As discussed in Chapter 2, one would 

like to maximize the stiffness of the hydraulic coupler. This also means that any imposed 
volume change, as might be introduced by a seal pressing against an opening and sub- 

sequently bulging could introduce a large pressure increase in the hydraulic amplification 

chamber. (See Figure 4.6a ). This led to the development of two sealing strategies for the 

two different types of tests performed on the hydrauUc amplifiers evaluated in this work. 

The first type is a traditional static seal, as described above, and the second type, for high 

frequency hydraulic amplifiers, is a dynamic seal relying on a flow restriction. 

4.2.1    Static sealing 

For static sealing of the hydraulic amplifiers a seal consisting of a teflon sheet, 125prn thick, 

backed by a brass plate and preloaded with an o-ring was used, as illustrated in Figure 4.6b. 

This method enabled reliable sealing of the hydraulic amplifiers while giving minimal seal 

compression and volume change in the HAC, even with a sealing hole diameter in the glass 

layer of 800pm. Should seal compression be of greater concern, the sealing hole diameter 
can be further reduced by micromachining the inlet port to the HAC [30]. 
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Figure 4.6: Static sealing of the hydraulic amplifier: a) The basic concept of a elastomeric 
or plastic seal. Seal compression could introduce large pressure changes in the HAC. b) 
Using a PTFE film for sealing, with a load spreader and a preloading element. 

4.2.2    Dynamic sealing 

If the hydraulic amplifier is to be operated only at high frequencies, another sealing tech- 
nique can be used. By providing a suitable flow restriction on the inlet port to the HAC, 

it can be shown that high frequency pressure fluctuations generated by the large piston 

inside the HAC will not be transmitted to the outside. This restriction will have the effect 

of a low pass filter, allowing low firequency pressure variations to enter and leave the HAC. 

Using this seaUng technique, the concerns related to seal compression are eliminated and it 
becomes easier to control the static pressure in the HAC. These benefits come at the cost 

of an external pressurization system that must be added to the device. For experimental 

purposes, this was not a concern. Figure 4.7 illustrates the basic principle. In addition, the 

external pressurization system provides the benefit of setting a constant pressure bias in 

the HAC. This in turn allows for balancing of the steady-state pressure on the small piston, 

and can also be used to control the static position of the small piston, should an offset be 

desired as, for example, in the case of a valve [19]. Furthermore, placing a bias pressure 
on the HAC reduces the likelyhood of cavitation that could be induced by high firequency 
operation of the large piston. 

A simple way to design this type of seal is to assume it to be a channel of suitable dimensions, 

containing a fluid slug. (See Figure 4.8.) By selecting the appropriate boundary conditions 
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Figure 4.7: Schematic of the high resistance fluid channel between the HAC and an external 
bias pressure regulator. This channel was etched into the underside of Layer 7. 

for the fluid slug in the channel, and by estimating the losses in the channel using Hagen- 
Poiseuille flow, one can predict the cutoff frequency of such a channel. As discussed in [19], 

such a channel was designed using the following equation of motion, as given by Roberts, 
as a starting point: 

V    channel ' 
AVjfug + /icAonnelAV^siuj + A'/f/lcAV^iup = AP,,uj (4.1) 

A channel of dimensions lOpm x lO/xm X 1mm was designed. Letting Lcftanne/ = 1mm, 

Dchannei = 11.3/im, KHAC = l.Oe"Pa/m^, p/i^ = 760kg/m^, and/i/(u,rf = 6.5e-*kg/{ms) 
gives a frequency ofiSHz for which ^V,i^g is 1% of the large piston volume change. For a 
further treatment of this subject, the reader is referred to [19]. 

Test results, as shown in Figure 4.9 clearly indicate the effectiveness of this channel. A 

lower cutoff frequency of approximately 0.1 Hz was observed. This frequency is even less 
than the design cutoff frequency. It is also significantly less than the design frequency for 

the hydraulic amplifier, of between 1 and 15kHz. This ensures that the full pressure swing 

created by the piezoelectric actuators acting on the large piston is transferred to the smaller 

piston. The results shown in Figure 4.9 were obtained with AV Device 1 that is discussed in 

Chapter 6. For information on the experimental equipment required to obtain the results 
in Figure 4.9, the reader is referred to Chapter 5. 
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where    A,i.....i 1/ 4 

^      where     M^i^g   =   pAcjuu^el Channel 
g^^^    V    Where   AV.i^ - Z.i„3 Ad„™,i 

Courtesy of D.C Roheris. 

Figure 4.8: Model of the high resistance fluid channel between the HAG and an external 
bias pressure regulator. A fluid slug within the channel is modeled. This slug is acted upon 
by an external stiffness associated with the HAG chamber stiffness. Additionally, the flow 
resistance of this slug through the channel is modeled using laminar Hagen-Poiseuille flow 
relations. 
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Figure 4.9: Experimental results of tests performed on a flow restriction-type dynamic seal. 
This test was performed by applying a sinusoidal excitation of 200V^_p to the piezoelectric 
element of the large piston, and measuring the displacement of the small piston for the 
frequencies shown. Note the good quasi-static performance down to IHz. 
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4.3    Summary 

The bubble-free filling and successful sealing of the HAC can be seen as the two most critical 

steps in the process of producing an hydraulic amplifier. An improperly filled and sealed 

hydraulic amplifier cannot be expected to function as desired, regardless of its design or the 

fabrication techniques used. The procedures that were developed in this work have been 

proven to yield reliable filling and sealing results, as will be shown in Chapter 6. Before 

presenting the results, however, Chapter 5 will discuss the macroscale systems and test jigs 

required to enable the instrumentation and testing of the hydraulic amplifiers evaluated in 
this work. 



Chapter 5 

Experimental techniques 

5.1    Requirements of the experimental setup 

To enable experimental evaluation of the hydraulic amplfication devices that had been built, 

an appropriate test bench had to be developed to enable the measuring of all important 

parameters. To evaluate the performance of an hydraulic amplification unit, such a test 

bench had to satisfy the following requirements: 

• Enable fluid pressure to be applied to either one of both sides of the device. Also, to 

accurately measure the relevant pressures. 

• Enable electrical connection to the device, in the case of a piezoelectrically driven 

device. 

• Provide a means for measuring out of plane displacement of the tethered piston struc- 

tures. 

• Provide, in addition, a means for evacuating the device and refilling the device with 

fluid. 1 

5.2    System overview 

To address all the requirements mentioned previously, a system containing the following 

five subsystems was built: 

'This excludes the hydraulic amplification chamber itself.  The filling and sealing of this chjunber was 
dealt with in the previous chapter. 
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1. Device testing section, including the device test jig and the pressure measurement and 
control module, for measuring steady pressures. 

2. Gas pressure regulating module. 

3. Gas-liquid pressurization module, to enable pressurization of the working fluid. 

4. Vacuum module, to enable evacuation and filling of the system. 

It was found useful to construct the system in this modular fashion. The functioning of the 

various modules will be described in the sections that follow. For all equipment used, the 
reader is referred to Appendix B. 

5.3    Device test jigs 

The purpose of a test jig is to provide an interface between the microfabricated device, 
in this case an hydraulic amplifier, and the macroscale environment with which it has to 

interact. Although the test jig could also be called the "packaging" for the device, as 
described at length in [39] and [31], a distinction is made here between a component to be 

used for testing the MEMS device, and a component used to package the device for use in 
commercial applications. 

Figures 5.1 and 5.2 show the test jig designed for the static hydraulic amplifiers. The detail 

design of this jig is given in Appendix C. In the design of this test jig the following aspects 
were considered: 

• Provide rehable sealing of all fluid connections to the device. Accomplished by o-rings. 

• Provide sufficient, but not excessive, clamping force. Accomplished by using springs 
for preload. 

• Expose as much of the device area as possible for ease of laser displacement measure- 

ment. This was done. In addition, the jig was manufactured from aluminum and 
anodized black, to minimize reflection. 

• Ensure proper electrical insulation. The device was insulated from the jig with an 
acetal-type plastic insert. 
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w (b) 

Figure 5.1: Two views of the test jig: Top view (a) and bottom view (b). Note the viewport 
for laser displacement measurement. 

• Allow for measuring of dynamic pressure fluctuations near the device. Provision was 
made for the installation of PCB model 112A22 dynamic pressure transducers on the 

jig- 

• Had to fit in the fluid filling system discussed in Chapter 4. 

5.4    The fluid test bench 

The remaining four modules mentioned in Section 5.2 wiU now be given attention. Figure 

5.3 is a schematic drawing of all the modules, each of which will be discussed in detail. 

5.4.1    Gas pressure regulating module 

Figure 5.4 illustrates the layout of the pressure regulating module. This module supplies 

regulated pressure to the test bench, and rehes on double regulation, using Concoa Series 
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Figure 5.2: The top clamp (a) shows a recess for the device, two optical viewports and 
also two fluid pressurization ports. The device is inserted into the main jig (b) and then 
clamped with the top clamp. 

402 regulators. Even with double regulation, a certain amount of leak-through and drift can 
still occur when using process-grade regulators. Therefore, a continuous bleed-off system, 
using two sets of two Swagelok SS-2SS needle valves, NVl, NV2, NVi and NV5, was 
utiUzed whenever exact pressure control was needed. 

5.4.2    Gas-liquid pressurization module 

To provide the capability of pressurizing the hydraulic amplifier with a liquid instead of a 

gas, a gas-liquid pressurization module was added to the test bench. This is schematically 
shown in Figure 5.5. This module consists of a stainless steel tank, TK2 - a Swagelok 

part number 304L - HDF4 - 500 500cm^ sample cylinder - pressurized from the top by 

nitrogen, and filled through a filling tube with DC200 0.65cst silicone oil. The oil is drawn 

into the vessel by vacuum, outgassing the liquid in the same process. A clear nylon tube, 

rated at 625p5i working pressure, was added on the side of this vessel for level visualization. 

Stainless steel beUows valves {BEVl,BEV3), Swagelok part number SS-4H, were used for 

gas-liquid shutoff, and stainless steel ball valves {BVl, BVZ, BV5) - Swagelok SS-42S4 - 
were used for all other shutoff purposes. For the most part, 1/4" seamless 3041 stainless 
steel tubing was used in the construction of this module. 
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Figure 5.3: Schematic representation of the full fluidic testing system used for performing 
experiments on the Hydraulic Amplification Devices. 
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Figure 5.4: The gas pressure regulating module. 
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Figure 5.5: The gas-liquid pressurization module. 
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5.4.3    Pressure measurement and control module 

The essence of the fluidic test bench for the hydraulic amplifier is contained within the 

pressure measurement and control module. In Figure 5.6 the following components are of 
importance: 

• Two static gauge pressure transducers per pressurization line. Sensotec FP2000 type 

sensors {500psig,0 - 5VDC,0.1% accuracy) {SPS2,SPSi) were used for high press- 

sure measurements, and for low pressure measurements the same type of sensors, but 

with the following specifications: {lOOpsigfi-5VDC,0.1% accuracy) {SPS7,SPS8). 

• Two Parker Series 9 fast acting high pressure solenoid valves {SVl, SV2) on one of 

the pressurization lines, to allow for rapid pressurization and venting of the device 

being tested. Controlled by a signal from the data aquisition system, these valves 
enabled, to a large extent, automation of the testing procedure. (See Figure 6.5) 

• Two Swagelok SS-42S4 ball valves on the other pressurization line {BV10,BV11). 

These valves perform the same function as SVl and SV2, but in a manual fashion. 

Using solenoid valves worked so well that it is recommended that two sets of solenoid 

valves be used instead, should similar experiments ever be attempted. 

• Swagelok SS-4TF-05 0.5/im filters on both supply lines leading to the device. 

• As in the case shown in Figure 5.5, stainless steel bellows valves {BEV5 - BEV8) 
were used for gas-liquid shutoff. 

5.4.4    Vacuum module 

The vacuum module, depicted schematically in Figure 5.7 encompasses the vacuum pump 

{VPl), cold trap (CTl) and a thermocouple vacuum gauge and meter {SPS6). All vacuum 

connections were made using 1/2" tube, either in stainless steel or polypropylene. The 

vacuum module was used to evacuate flow systems prior to filling with silicone oil. A 

pressure of approximately bmmHg was found to be sufficient for bubble free filling of flow 
channels. 
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Figure 5.6: Pressure measurement and control module. 
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Figure 5.7: Vacuum module. 



5.5   Displacement measurement      83 

5.5    Displacement measurement 

All displacement measurements were performed with a Polytec PI PSV-300 Scanning Laser 

Vibrometry system. Using doppler principles, this system measures the velocity of a moving 

target. By integration, displacement is obtained. The system was outfitted with a precision 

displacement measuring board with a rated resolution of 2nm. Testing has shown that the 

actual resolution is dependent on the amount of ambient noise present, and also on the 
nature of the surface being measured. The best actual resolution obtained for near-zero 

frequency displacement measurements was found to be between 10 and 50nm, depending 

on the noise present when the measurements were performed. 

All of the instrumentation and hardware used to test the hydraulic amplification devices 

have now been discussed. Figures 5.8, 5.9 and 5.10 are photographs of the testing system 

that has, up until now, only been described schematically. 

5.6    Data acquisition 

All data acquisition was performed using two National Instruments PCI-6110 boards in- 

stalled in a desktop computer with an Intel Pentium III 700MHz processor and 128MB 
RAM. The data acquisition system allowed the simultaneous, synchronized, measurement 

of up to eight input channels, at sampling rates of up to AM Hz. In addition, it also allowed 
for simultaneous synchronized generation of four arbitrary waveform outputs at frequen- 

cies up to 25kHz, using data acquisition software as developed by [40] using the National 

Instruments Lab View langauge. 

5.7    Testing protocols 

Prior to testing the device, either a static or dynamic hydraulic amplifier, it is filled using 

the procedures described in Chapter 4 and subsequently clamped in the test jig described 

in Section 5.3. For testing the devices, two different testing procedures were followed for 

the static and dynamic devices, and these will be discussed briefly. 
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Figure 5.8: Regulator bank. Note that this is the regulator bank for the full MHT device. 
Only two sets of the four displayed are used. Note the double regulation from a regulated 
tank output. 
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Figure 5.9:   Photograph of the entire test rig.   All tests were performed on an optical 
vibration isolation table. 
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Figure 5.10: Side angle photograph of the test rig, with more detail on the pressure mea- 
surement and control module. 

5.7.1    Testing of static hydraulic amplifiers 

The following aspects, not neccessarily in the order mentioned, should be considered during 
the testing of a static hydrauhc amplifier: 

• Decide whether the device is going to be tested in a full liquid system, a gas system, 

or a gas-liquid system. For static devices, for optical clarity, it was found desirable 
to test in a gas-liquid system.^ In this configuration, TK2 in Figure 5.5 is bypassed 

using BEV3.^ Note that the device and the test jig were filled with liquid, but the 

pressurization lines were operated using nitrogen. Concerns about water hammer 

from operating SVl, SV2 (Shown in Figure 5.6) were the motivation for not using 
a full liquid system in this case.  The displacement measurement obtained from the 

^Meaning measuring through silicone oil instead of gas. During the filling process, the device is filled 
with oil. If this oil is subsequently removed from the device, a residue often is left behind, which hinders 
measurements. 

'The equivalents of TK2 and BEV3 are also used in this manner. These arc not shown explicitly, but 
can be found in Figure 5.3 
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laser vibrometer had to be corrected for the different index of refraction of the fluid 

in all cases where the measurements were performed on an interface with silicone oil 
rather than air. It can be shown that dividing by the index of refraction gives the 

desired correction. 

• Set the pressures Pi and P2 on APR2 and APR^. 

• Set the appropriate acquisition rate in the data acquisition system, and ready the 

system for testing. 

• Start by switching SVl and 5^2 to provide a pulsing pressure for Pi.  (See, again, 

Figure 6.5). 

• Use BVIQ and BVll to vary P2. 

• In all these tests, BEVb and BEV7 are fully open, and BEV& and BEVS are fuUy 

closed. 

5.7.2    Testing of dynamic hydraulic amplifiers 

• Once again, decide whether to use liquid, gas or gas-liquid. In this case, tests were 

generally performed using either a full gas system, or a full liquid system. 

• In these tests, Pi and PHAC are applied. They are not varied or pulsed as in the 
static case. Therefore, it is advisible to remove SVl and SV2 from the system for 

these tests. SVl and SV2 are normally closed valves, and although it is possible to 
apply a voltage to keep SVl open continuously, it is not desirable and may damage 

the valve coil. 

• Set Pi and PHAC on APR2 and APRZ. In all tests presented in this work Pi = PHAC- 

Therefore, in this case. Pi and PHAC were controlled from the same regulator, using 
an appropriate tube to connect the two ports. 

• Prepare the data acquisition system for testing. 

• Apply the drive voltage to the piezoelectric element. This potential is named Vi, 
and is applied on Layers 2 and 4 of Figure 2.2. Tests were performed using either 

frequency sweeps or sinusoidal excitation. 

With these testing protocols, it was possible to perform the experiments that will be de- 

scribed in Chapter 6. 
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Chapter 6 

Experimental Evaluation of Hydraulic 

Amplification Devices 

Having discTissed all issues relevant to the successful design, fabrication and testing of 

an experimental hydraulic amplification device, this chapter deals with the subsequent 

tests performed on a selection of devices based on the MIT EH4 energy harvesting device 

discussed in the introduction. 

6.1    Overview of the experimental work 

In brief, the devices were characterized in the following manner: 

• Pressure-deflection characteristics of the tethered piston structures. 

• Static performance measurements on two hydraulic amplifiers: One with ten small 
pistons and one large one as well as a device with a single small piston. Gas pressur- 

ization techniques were used. 

• Demonstration of dynamic performance of a device with one small piston and a piezo- 

electrically driven large piston. 

In total, four hydraulic amplification devices were built and tested. Table 6.1 summarizes 

the devices built, and the tests performed on them. 
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Device number 
HAC Device 1 

HAC Device 2 

HAC Device 3 

HAC Device 4 

AV Device 1 

Device type 
Single small piston 
static hydraulic am- 
plifier, no piezoelec- 
tric elements 
Single small piston 
static hydraulic am- 
plifier, no piezoelec- 
tric elements 
Ten    small    piston 
static hydraulic 
amplifier,  no piezo- 
electric elements 

Single small piston 
static hydraulic am- 
pUfier, no piezoelec- 
tric elements 
Single  small  piston 
active valve device. 
Piezoelectrically 
driven 

Tests performed 
Static Characteriza- 
tion of small and 
large pistons 

Static Characteriza- 
tion of small and 
large pistons 

Static Characteriza- 
tion of small and 
large pistons, Char- 
acterization of hy- 
drauUc amplification 
capabilities 
Characterization of 
hydraulic amplifica- 
tion capabilities 

Dynamic testing 
of the hydraulic 
amplification con- 
cept, evaluation of 
the performance of 
the high-frequency 
sealing channel. 

Comments 
Device crjicked dur- 
ing initial testing due 
to excessive clamj>- 
ing force in test jig 
Device cracked after 
filling due to exces- 
sive clamping force 
in test jig 
Device was sub- 
jected to full range 
of characterization 
tests without failure. 

Device was sub- 
jected to full range 
of characterization 
tests without failure. 
Device was subjected 
to full range of dy- 
namic tests without 
failure. 

Table 6.1: Outline of the hydraulic amplification devices assembled and tested 
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Figure 6.1: Two representations of the static hydraulic amplification device: (a) A detailed 
cross section schematic view, and (b) A simplified functional schematic, with nomenclature 
to be used. 

6.2    Pressure Deflection results 

The purpose of performing simple pressure deflection tests of the tethered structures is to 

determine the stiffnesses of the individual components of the hydraulic amplification device. 

These will later be used in correllating the experimental results of the full hydraulic am- 

plification devices with the theoretical predictions. For each device, the pressure-deflection 

characteristics of both the large piston and the small piston were evaluated. Figure 6.1 
illustrates the geometry under consideration and also the nomenclature that will be used. 

Note that, in this case, PHAC = 0, and we only apply Pi for the large piston and P2 for the 
small piston. All results presented in this section reflect the aggregate of all tests performed 

on a given type of membrane structure, rather than discussing the testing of each individual 

membrane. This will maintain the focus of our discussion and will also give the reader a 

sense for the amount of variation from specimen to specimen that can be expected when 

using the fabrication techniques described in Chapter 3. 

6.2.1    Pressure-deflection characteristics of the large piston 

All of the devices listed in Table 6.1 had the exact same design geometry for the large 
pistons. However, due to variations in the fabrication process, all of the large pistons were 

slightly different. Figure 6.2 displays the pressure-deflection results obtained for a selection 



92      6  Experimental results 

V-Lexp 11.3 
^l,theo(8um) 8.9 
^l,theo(9um) 12.7 
^UheodOum) 17.4 
Note: All units are in kPaffim. 

Table 6.2: Large piston inverse compressibility 

of these pistons, along with a prediction from the nonUnear model developed m [25]. 

We can further proceed, based on the information shown, to compute the linearized inverse 

compressibility coefficients for the experimental results and also for the theoretical predic- 

tions, as defined in Equation 2.13. The results are shown in Table 6.2. Referring back to 

Table 2.1 and also to Chapter 3, we recall that the design required a 10/im thick SOI layer. 

The starting substrate for these pistons had a device layer thickness of, nominally, 11/im 

with a variation of ±l/im. After the oxidation process, approximately O.lfim is removed, 

therefore reducing the SOI thickness to 10.3 ± l^m. Measurements performed after process- 
ing on pieces from the wafer edge, using a KLA-Tencor PIO surface profilometer, indicate 

that the final thickness of the device layer at the edge location was 8 ± O.bum on various 
positions of the wafer edge. Therefore, for small deflections, the model agreement appears 

to be very good and within the bounds of measurement errors and fabrication tolerances. 

6.2.2    Pressure-deflection characteristics of the small piston structures 

As mentioned in Section 2.3, two types of small piston configurations were used. Figure 

6.3 shows the pressure-deflection characteristics of a device with a single small piston, and 
Figure 6.4 shows the same for a device with ten smaller pistons. 

For these two cases one can proceed and again compute the small-deflection inverse com- 

pressibility coefficients, as was done for the large pistons. Table 6.3 gives these coefficients 

for the devices having a single small piston, and Table 6.4 gives the coefficients for HAG 

Device 3. In both of these cases, the starting wafer had a device layer thickness of 8 ± 1/im. 
After processing, this thickness would be reduced to approximately 7.3 ± 1/im, based on 

the fabrication process. Post-fabrication measurements on the wafer edge gave a thickness 
of 6 ± 0.5/im on various positions of the wafer edge. Once again, the agreement with model 

predictions is good, and within the bounds of fabrication capabilities and measurement 
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Figure 6:2: Results from pressure-deflection tests on the large pistons, obtained from HAC 
devices 1,2 and 3 
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Figure 6.3: Results from pressure-deflection tests on a selection of small pistons from HAC 
Devices 1 and 2, both having one small piston per hydraulic ampUfler. 
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Figure 6.4: Results from pressure-deflection tests on a selection of small pistons from HAG 
Device 3, a device with ten small pistons per hydraulic amplifier. 

^2,txp 3.1 
i'2,theo(5iim) 1.0 
''l'2,theo(6iim) 1.8 
^2,theo(7nm) 3.0 
Note: All units are in kPa/fim. 

Tkble 6.3: Small piston inverse compressibility for devices with a single small piston. 

tolerances. 

6.2.3    Summary: Pressure deflection results 

This section presented pressure deflection data on the small and large piston geometries 
employed in the hydraulic amplifiers that were tested. In all results it appears that the 

pistons were slightly more compliant than predictions based on design values. After post- 

fabrication metrology and model corrections, it was shown that the values obtsdned were 

still within the bounds of tolerances quoted by the wafer suppliers, as well as tolerances 

in the subsequent fabrication processes.   After performing these tests, the models were 
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1p2,exp 13.0 

i>2,theo(5nm) 10.1 
''l>2,theo(6nm) 17.5 
Note: All units are in kPa/fim. 

Table 6.4: Small piston inverse compressibility for devices with 10 small pistons. 

appropriately adjusted before continuing to the next section, which involves the testing of 

a filled hydraulic amplifier. 

6.3    Static hydraulic amplification tests 

Two devices mentioned in Table 6.1 underwent static hydraulic amplification tests: HAC 

Device 3 was a device with 10 small pistons and HAC Device 4 was a device with a sin- 
gle small piston. The static behavior of both devices was evaluated by pressurizing both 

the small piston(s) and the large piston, and measuring the displacement of both. Due 

to constraints in the measurement system, simultaneous measurements were not possible. 

However, by accurately controlling the respective pressures, reliable results were obtained. 

In a,ll static tests performed. Pi was switched by the solenoid valves discussed in Section 

5.4.3. P2 was switched manually using ball valves. Figure 6.5 shows representative time- 
histories obtained for a typical hydraulic amplification test run. 

6.3.1    Tests performed, and correlation with nonlinear models: HAC Device 3 

Figures 6.6 and 6.7 show the deflections of the large piston and one of the small pistons for 

Pi varying firom 0 to 500fcPa and for P2 having values 0, 92, 298 and 500fcPa. Keeping in 

mind the pressure-deflection results from Section 6.2.1 it should be clear to the reader that 

the large piston acts as a pressure transfer element with very little pressure differential across 
this piston for the deflections observed in Figure 6.6. The small piston in turn responds 

to the pressure transferred by the large piston. In both figures the data is displayed along 

with cubic fits to the data. In all subsequent analyses the fitted data will be used instead of 

the raw data. Note that the fits are cubic, and were performed on the inverse of the data 
shown. The reader should bear in mind that, to first order, the tethered membrane piston 

structure can be seen to be analogous to a Duffing-type spring, as described, for example. 
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Figure 6.5: Typical data obtained from an hydraulic amplification test run. By accurately 
controlling P2 during each small piston - large piston measurement pair, it was possible to 
obtain good data without resorting to two-sided displacement measurement. 



6.3   Static hydraulic amplification tests      97 
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Figure 6.6:  Hydraulic amplification data for the large piston of HAC Device 3.   For all 
subsequent analysis, the fitted data will be used. 

in [41]. In the case of a Dufiing spring, the spring force is a cubic polynomial function of 
the deflection. The inverse - that the deflection is a cubic polynomial function of the spring 

force - does not hold. It is the same for the membrane structures, with the exception that 

a pressure takes the place of the force, as discussed in Chapter 2. 

Figures 6.8 and 6.9 now show the model results plotted over the experimental results. Note 

that the large piston deflects significantly more than model predictions, indicating a reduced 

stiflFness of the HAC. 

6.3.2    Amplification ratio and amplification sensitivity: HAC Device 3 

A suitable figure of merit in evaluating the performance of an hydraulic amplifier would 
be an amplification ratio or an amplification factor. This ratio can be computed using two 

different methods. The first method, which we will define as the amplification ratio, is 

defined as: 
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Figure 6.7: Hydraulic amplification data for the small piston of HAC Device 3. Note that 
the scatter in data for the small piston is very small, due to good measurement resolution 
and large amplitude motions. 
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Figure 6.8: Adding model data to Figure 6.6. HAC Device 3. 
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Figure 6.9: Adding model data to Figure 6.7. HAG Device 3. 

fz2iPl)-Z2m 
{zr{Pi)-zmJp, 

(6.1) 
=const 

Figure 6.10 shows this amplification ratio. Note that the amplification ratio is always a 
maximum near the "linear region" of the operating regime. The second method, shown 
in Figure 6.11 uses the incremental displacement amplification which allows us to write an 

expression for the amplification sensitivity: 

AS (6.2) 

6.3.3    Small deflection stiffness matrix comparisons: HAC Device 3 

One can proceed and compute the small-deflection inverse compressibility matrix of the 

coupler, as described in Section 2.4. In Section 6.2 the results of the tests on all tethered 

piston structures are given.   Figure 6.12 gives the results obtained for the large piston 
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Figure 6.10: Amplification ratios for the tests performed. HAC Device 3. 
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Figure 6.11: Amplification sensitivities for the tests performed. HAC Device 3. 
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i>Uexp 15.2 
1p2,exp 15.4 
Note: All units are in kPa/(iTn. 

Table 6.5: Inverse compressibilities for the pistons of HAC Device 3. 
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Figure 6.12: Pressure-deflection results for the large and small pistons of HAC Device 3. 

and small piston tested in this section. For these individual tethered piston structures, the 
scatter in the data is significantly less, due to the ehmination of variations in the fabrication 
process and variations in SOI device layer thickness as elements of uncertainty. For these 

particular stuctures, the inverse compressibUties, ■^i and ip2, are given in Table 6.5. 

We now proceed to compute the inverse compressibility matrix for this coupler. By taking 

two values of Z2 at two values of P2 and a matching Pi, and then finding the corresponding 

values for zi at those values of P2 and Pi, we can set up a system of linear equations, and 

solve for the four coefficients, as shown in Equation 6.3. 

P2a 

Plb 

P26 

> = 

Zla Z2a 0 0 

0 0 Zla Z2a 

Zu Z2b 0 0 

0 0 Zib Z2b 

£'12 

-D2I 

D22 

(6.3) 
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where: 

D 

and, recalling from Equation 2.11 that: 

Dii   Di2 

D21 r>22 

P = Dz 

(6.4) 

(6.5) 

For Z2a = Ifim, P2a = -92kPa and Z26 = -l/xm, P26 = -298kPa, and finding the matching 

values for Pj and zi in both the experimental and theoretical cases, the following D-matrices 
were computed: 

7.38 X 10^     -3.49 x 10^ 

-7.38 X 10^    3.67 x 10^ 
Dt/ieo = 

iJeip — 
6.34 X 10^     -1.90 X 10^ 

-6.32 X 102    3.46 x 10^ 

Dividing (6.6) element-wise by (6.7), we find the following ratios: 

11.6 18.4 

11.7 10.6 

kPa/fim 

kPa/fim 

(6.6) 

(6.7) 

(6.8) 

In a similar fashion, we can compute theoretical and experimental C-matrices, as described 
in Equation 2.14, and we find, for the same values as used for the D-matrices: 

Cfheo — 
2.75 X 10-3   2.61 X 10-3 

5.53x10-2   5.53x10-2 

v-'eip — 
3.48 X 10-3   1.91 X 10-3 

6.37x10-2   6.39x10-2 

And, dividing (6.9) element-wise by (6.10): 

0.8   1.4 

0.9   0.9 

fim/kPa 

fim/kPa 

(6.9) 

(6.10) 

(6.11) 

Note that, due to the almost-singular nature of the matrices, as discussed in Section 2.4, the 

apparent factor 10 discrepancy in (6.8) is not reflected as a factor 0.1 in (6.11). It should 

be pointed out that the tests performed were tests aimed at measuring compressibility, and 
not inverse compressibility - i.e.  a load was appUed, and a deflection was measured.  For 
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Figure 6.13: Large piston results with the linearization about 0 added. HAC Device 3. 

measuring the inverse compressibility, or, in the case of a simple spring, the stiffness, we 

would have had to impose a displacement, and measure the resulting load. 

Therefore, in Figures 6.8 and 6.9 we see no sign of a factor 10 discrepancy. Figures 6.13 

and 6.14 are repeats of Figures 6.8 and 6.9, but with the linearizations given by (6.9) and 

(6.10) added to them. 

A discrepancy that is apparent in both the theoretical and experimental data is that |Dii| 

is not significantly greater than \D2i\ in (6.6) and (6.7). Recall from Equation 2.10 that: 

■Du = /8c7i + V"! 

D21 = -/ScTi 

The discrepancy hi the theoretical case is readily explained by the fact that a chosen value of 

Z2 = ±l/zm already adds some nonlinearity to the system, combined with the fact that, in 

the theoretical case, Du = O(IO^), whereas ^pl = 0(10). The effect oinpi is almost negUgible 

and easily masked by numerical artefacts. It has been verified that, for smaller values of 22, 

the condition of |Pu| > |^2i| is obtained. In (6.7), we do have that |Dii| > |I?2i|, but the 

difference, approximately 2fcPa/^m, is less than the measured value of ipi = lb.2kPa/iJ,m. 
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Figure 6.14: Small piston results with the linearization about 0 added. HAC Device 3. 

This discrepancy can probably be attributed to an error in the measurements taken. 

One more calculation remains to evaluate the quality of the data presented in this section. 

We can substract the appropriate values for ^"1 and ^2 from the theoretical and experimental 
D-matrices, to get a matrix of the form: 

/3c7i     -;8c72 

In the theoretical cind experimental cases we then obtain: 

7.37 X 10^     -3.49 x 10^ 

-7.38 X 10'     3.49 x 10^ 

Element-wise division yields: 

Dexp = 
6.19 X 10^     -1.90 X 10^ ' 

-6.32 X 10^     1.92 X 10* 

ds: 
' 11.9   18.4 ' 

11.7   18.2 

(6.12) 

(6.13) 

(6.14) 

(6.15) 
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We note that, in reality, (6.15) should have all entries be identical.   We recall that in 

Equation 6.12: 

71 = 

72 = 

Vc 

Therefore, 71 and 72 depend solely on geometry, which should be very similar from model 

to experiment. Therefore, one should expect to see all four entries in (6.15) reflect the ratio 

Pc,theo 

Pc,exp 

The discrepancy in (6.15) is attributed to mccisurement errors. Any other variation would 

not violate the physics of the system. 

6.3.4    Tests performed, and correlation with nonlinear models: HAC Device 4 

Both hydraulic amplifiers in HAC Device 4 were tested. The results of the two devices 

match closely, and only one set is discussed here. Figures 6.15 and 6.16 show the deflections 

of the large piston and the small piston for Pi varying from 0 to 200fcPa and for P2 having 
values 0, 53, 105, 153, 206 and 253kPa. Again, the data is displayed along with cubic fits 

to the data. 

Figures 6.17 and 6.18 now show the model results plotted over the experimental results. 

As was the case for HAC Device 3, the large piston deflects significantly more than model 

predictions, indicating a reduced stiffness of the HAC. 

6.3.5    Amplification ratio and amplification sensitivity: HAC Device 4 

Using Equations 6.1 and 6.2, we proceed to compute the amplification ratio and amplifi- 

cation sensitivity for HAC Device 4. The results are shown in Figures 6.19 and 6.20. The 

amplification ratio is higher than predicted for P2 = OkPa. This could probably attributed 

to a measurement irregularity. Also, in this case, the amphfication sensitivity is higher for 

the experimental case. This is due to a smaller incremental change in zi for the measured 

values. 
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Figure 6.15: Hydraulic amplification data for the large piston of HAC Device 4. 
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Figure 6.16: Hydraulic amplification data for the small piston of HAC Device 4. 
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Figure 6.17: Adding model data to Figure 6.15. HAC Device 4. 
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Figure 6.18: Adding model data to Figure 6.16.  HAC Device 4.  The good correlation is 
attributed to the fact that the large piston sees a very small AP. 
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Figure 6.19: Amplification ratios for the tests performed. HAC Device 4. 
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Figure 6.20: Amplification sensitivities for the tests performed. HAC Device 4. 
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i^hexp 11.3 
lh,exp 3.1 
Note: All units are in kPa/fim. 

Table 6.6: Inverse compressibilities for the pistons of HAC Device 4. 

6.3.6    Small deflection stiffness matrix comparisons: HAC Device 4 

This section is a repeat of Section 6.3.3 for the hydrauUc amplifier with a single small piston. 

No individual membrane characterizations were performed on this device. The results from 

HAC Devices 1 and 2 were used instead. The inverse compressiblities that were used, ipi 

and ip2, are given again in Table 6.6. 

As was done in Section 6.3.3, we compute the inverse compressibility matrix. For Z2a = 1/im, 

P2a = OkPa and 2:26 = —If^m, P2b = -153A;Po, and finding the matching values for Pi and 

2i in both the experimental and theoretical cases, the following D-matrices were computed: 

D theo ■ 
4.18 X 10^     -1.12 X 102 

-4.18 X 10^     1.14 X 10^ 
kPa/fim (6.16) 

D exp ' 
7.67 X 10^     -8.20 

-7.71 X 102     9.40 

Dividing (6.16) element-wise by (6.17), we find: 

5.4   13.6 

5.4   12.1 

kPa/fj,m (6.17) 

(6.18) 

We note that there seems to be sUghtly better correlation between the predicted and mea- 

sured inverse compressibilities when (6.18) is compared to (6.8). This could be due to an 

HAC that was better fiUed. In a similar fashion, we compute theoretical and experimental 

C-matrices: 
1.47 X 10-2    1.45 X 10-2 

5.41 X 10-1   5.41 X 10-1 
Ctfte fj.m/kPa (6.19) 

v^eip — 
1.06 X 10-2   9 23 X 10-^ 

8.68 X 10-1   8.63 x 10^^ 
fim/kPa (6.20) 
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Figure 6.21: Large piston results with the linearization about 0 added. HAC Device 4. 

And, dividing (6.19) element-wise by (6.20): 

1.4   1.6 

0.6   0.6 
(6.21) 

Once again, the ratios seen in (6.21) are not the inverse of those seen in (6.18). Figures 

6.21 and 6.22 are repeats of Figures 6.17 and 6.18 with the linearizations given by (6.19) 
and (6.20) added to them. 

The discrepancy between |Dii| and |D2i| as discussed previously can once again be seen in 
(6.16) and (6.17). In (6.17), we now have that |JDII| < |D2i|. Measurement errors could 
cause such a discrepancy. 

Substracting the appropriate values for Vi and ip2 from the theoretical and experimental 
D-matrices, we obtain: 

Djheo = 
4.17 X 10^     -1.12 X 10^ 

-4.18 X 10^     1.12 X 10^ (6.22) 
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Figure 6.22: Small piston results with the linearization about 0 added. HAG Device 4. 

D eip 
7.56 X 10^ 

-7.71 X 10^ 

-8.20 X 10^ 

6.30 X 10^ 

And element-wise division yields: 
5.5   13.6 

5.4   17.8 

(6.23) 

(6.24) 

Once again, as was the case in (6.15), the fact that all entries in (6.24) are not equal is 

attributed to measurement errors. Note that |i)ii,t/ieo| < |-D2i,theo| because z^ was chosen to 

be relatively large. Choosing a smaller z^ will yield the correct result. For these experiments 

however, it was decided not to use a z^ that is too small, causing the analyses to be overly 

sensitive to possible measurement errors. 

In summary, two static hydraulic amplifiers with different theoretical amplification ratios 

have been tested. The same trends have been seen in the tests of both HAG Device 3 and 

HAG Device 4, with the latter device, HAG Device 4, appearing to be the one that was 

better filled and sealed. Amplification ratios of up to 40:1 were observed, when ignoring the 

P2 = OfcPa result for HAG Device 4. In addition, amplification sensitivities of approximately 

80:1 were obtained. 
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Figure 6.23: Small and large piston deflections as functions of both Pi and P2. HAC Device 
3. 

6.3.7    Static hydraulic amplification as a two-variable function 

For completeness, the attention of the reader is drawn to the fact that, as described in the 

section on the nonlinear case (Section 2.5), the deflections can be written as nonlinear func- 

tions of the two pressures, and vice-versa. Graphs from experimental and theoretical results 

can be constructed and, by using suitable interpolation, the theoretical and experimental 

responses can be visualized in a three-dimensional manner, as shown in Figure 6.23. 

6.4    Dynamic hydraulic amplification tests 

This section attempts to briefly demonstrate the dynamic capabilities of the hydraulic 
amplifiers developed in this work. The dynamic tests discussed here were performed on 

the HAC of a piezoelectrically driven active valve, as described in [19]'. In these tests the 

large piston was actuated by three radially equispaced PZN-PT single crystal piezoelectric 

elements, instead of the pressure that was previously used. Furthermore, the HAC was 

not statically sealed, but rather dynamically using the technique described in Section 4.2.2. 
The dynamic hydraulic amplifier is depicted schematically in Figure 6.24. 

In Table 6.1 this device is referred to as AV Device 1 
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Figure 6.24: Two representations of the dynamic hydraulic amplification device: (a) A de- 
tailed cross section schematic view, and (b) A simplified functional schematic, with nomen- 
clature to be used. 

The device tested was one with a single small piston. The first test performed was a low 

amplitude frequency sweep to determine the bandwidth of the hydrauUc amplifier. Figure 

6.25 shows the results of this test. When no siUcone oil is present on top of the small piston, 
the first resonance occurs at approximately X^SkHz. Adding oil introduces additional inertia, 

with a corresponding reduction in natural frequency to approximately 5kHz. For a further 

discussion of this phenomenon, the reader is referred to [19]. 

In addition, quasi-static tests were performed at various voltage levels, at a frequency of 
IkHz. Figure 6.26 shows a typical time history of the small and large pistons for the case 

where Vi = 400^ ± 400F, PHAC = P2 = 500kPa. Figure 6.27 shows the deflection versus 

difl'erent values for Vi. The corresponding ampUfication ratio as a function of Vi is depicted 

in Figure 6.28. In this case, the amplification ratio is defined as: 

(6.25) 

Note the equivalence of Figure 6.27 with Figures 6.6 and 6.7, where a voltage takes the place 
of pressure actuation for the dynamic tests. Varying P2 to obtain the same sets of curves 

as seen for the static case was not feasible, due to the fact that the dynamic seal used in 

the piezolectric hydraulic amplifier would not allow for a quasi-steady pressure diflferential 

to be applied between PHAC and P2 without changing the equilibrium position of the small 
piston. Changing P2 at sufficiently high frequency was not possible with the experimental 

equipment used. 
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Figure 6.25: Frequency response of AV Device 1 with and without silicone oil on top of the 
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Figure 6.26: Time history of AV Device 1 with silicone oil on top of the small piston. 
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Small Piston Voltage Dependance: P „   = SOOkPa, Frequency = 1 kHz 
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Figure 6.27: Deflection of the small and large pistons as a function of Vi. 
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For a detailed discussion of these results, the reader is again referred to [19]. For the purposes 

of the argument presented in this document, it can be concluded that these dynamic tests 

indicate that the HAC has sufficient bandwidth for high frequency operation of microvalves 

and other micromanipulators. The added mass effect of the silicone oil on the natural 
frequency of the device shows that the effect of the system being driven by the hydraulic 

amplifier should be accounted for when designing a microscale hydraulic amplifier, as is the 
case for any actuator-load pair. 

6.5    Summary of the test results 

In this chapter we presented the following results; 

• Pressure-deflection results for the three different types of tethered-membrane struc- 

tures. It was shown that the measured results compared well with model predictions, 
when considering measurement errors and fabrication tolerances. 

• Static hydraulic amplification results for two types of hydraulic amplifiers. The com- 

pressibility matrix coefficients, equivalent to a compliance matrix, were found to be 

close to those predicted by analytical models. See (6.11),(6.21). Further data analysis 

on the inverse compressibility matrices revealed possible measurement errors. Despite 
these errors, however, the data clearly indicates that a stiff hydraulic amplifier was 
produced. 

• Dynamic hydraulic amplification results for a piezoelectrically driven hydraulic am- 

plifier. These tests were performed to show that the hydraulic amplifier has sufficient 

bandwidth. A first natural frequency of approximately lOkHz was achieved, reducing 
to 5kHz when silicone oil was added on top of the small piston. 

In conclusion these first test results on microfabricated hydraulic amplifiers prove that 
hydraulic amplification is a viable means of stroke enhancement for MEMS applications. 



Chapter 7 

Conclusions and recommendations 

7.1    Conclusions 

In this work, a number of significant accomplishments have been made, and these are 

summarized as follows: 

• Fabrication techniques for fabricating high-quality tethered membrane structures have 

been developed [30]. 

• Reliable die-level alignment anodic bonding techniques have been developed and em- 
ployed with success in the assembly of not only hydraulic amplification devices, but 
also complete MHT devices, significantly reducing the risks associated with full-wafer 

processing of fragile experimental wafers. 

• ReUable filling procedures have been developed for the bubble-free filling of hydrauUc 

dead volumes through channels of cross-section lOfj, x lOy^m and 1000/im in length. 

• Static sealing techniques for experimental devices have been developed and proven to 
be reliable in sealing HAC's with minimal seal extrusion and HAC pressure rise. 

• Dynamic sealing techniques, based on labyrinth seal technology, were conceived and 
proven to be a vahd means of seaUng an HAC that wiU operate at frequencies higher 

than the cutoflf frequency of the dynamic seal. 

• A fluid testing system was developed to enable the successful testing of HAC devices. 

• A reliable test jig for the device was developed as a subsystem of the fluid testing 

system. 

• Building on all items mentioned above, hydraulic amplification devices were supcess- 
fuUy designed, fabricated and tested to prove the concept of hydraulic amplification for 

MEMS. The devices have been shown to have amplification ratios and stiffnesses that 
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agree well with theoretical predictions. In addition, it was shown that a microscale hy- 

draulic amplifier, properly designed, will have suflScient bandwith for high-frequency 
micromechanical actuation. 

7.2    Recommendations 

It is recommended that the following issues be addressed in further studies in hydraulic 
amplification devices. 

• The fillet radius control techniques for fabricating the SOI membrane structures need 

substantial improvement. A process with minimal human intervention is required. 

• This work dealt primarily with stroke ampUfication. The reverse application, namely 
force amplification, could be useful for increasing the force generated by, e.g. electro- 

static actuation techniques. An investigation into this matter may prove fruitful. 

• In addition to piezoelectric actuation, hydraulic amplifiers lend themselves to be driven 

by other types of actuation. The usefulness of hydraulic amplification in an electro- 
static or electromagnetic system is worth investigating. 

• The eflFect of various aspects of the device geometry on the natural frequency of the 

devices needs to be investigated in more detail. This study would also include the 
efi'ect of geometry on the fluidic behavior of the device. 

• The filling and sealing procedures, although robust, are tedious. Additional work to 

further improve and understand the filling process, as well as better sealing techniques 
for commercial applications, are recommended. 

• It is probably wise to state that the per unit cost of devices, influenced by the afore- 

mentioned items in this list, as well as some others, needs to be reduced significantly 

to make hydraulic amplification commercially viable for MEMS. This is said with 
the understanding that the devices presented in this work were fabricated solely for 
research purposes, with cost not being a concern. 
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7.3    Final remarks 

In conclusion it can be stated that hydraulic amplification for use in MEMS can now be 

considered feasible. Although this work has addressed the investigation from a mostly 

experimental point of view on a select few devices, it is safe to assume that the techniques 

developed and knowledge gained here, especially with reference to membrane fabrication 

and fluid filling and sealing, will enable future hydraulic amplification devices to rely on 

these building blocks for their success. 
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Appendix A 

Material properties 

The following material properties were used for performing calculations: 

Silicon, single crystal, (100) 

Property name Units Quantity 
Young's modulus (Effective) GPa 165 

Poisson's ratio (Effective) 0.22 

Density kglw? 2330 

Tensile strength GPa 1.0 

Glass {Pyrex™7740) 

Property name Units Quantity 
Young's modulus (Effective) GPa 62.8 

Poisson's ratio (Effective) 0.20 

Density kg/m^ 2230 

Tensile strength MPa 7 

Silicone oil - Hexamethyldisiloxane (Dow Coming DC200 0.65cst) 

Property name 
Bulk Modulus 

Specific gravity 

Viscosity 

Vapor pressure @ 25°<7 

Units Quantity 
GPa 0.6 

0.760 
cst 0.65 

kPa 6.7 
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Boiling point @ latm K 373.15 

Piezoelectric material - Single crystal PZT-PT (TRS Ceramics) 

Property name Units Quantity 
Young's modulus (Eflfective) GPa 6.76 

Piezoelectric constant (^33) pCIN 1300 
Density fc^/^3 33^5 



Appendix B 

Equipment list 

(2x) Acopian Model 15EB100 15V AC-DC power supplies 

(Ix) Bertan Associates Inc. Series 230 High Voltage Power Supply, 0-3kV, 0-5mA 

(Ix) Bransonic Model 3510R-DTH ultrasonic cleaner 

{2x) Clear Air Products Model CAP412-5959A-1 Laminar flow workstations 

(3x) Concoa Model 4025301-580 regulators 

(2x) Concoa Model 4052001-000 regulators 

(Ix) Dell XPS700r Desktop computer, Intel Pentiumlll 700MHz Processor, 128MB 

RAM, SCSI HDD 

(Ix) Dremel Model 395 Multipro tool 

(Ix) Electronic Visions EV450 Aligner and ABl-Pv Bonder. 

(Ix) GW Model GPS-3030D Lab Power Supply 

(Ix) Hewlett Packard Model 33120A Function generator 

(2x) Industrial Test Equipment Model 112722-1 DC HV Power Supply 

(2x) Industrial Test Equipment Model 250A RF Amplifier 

(Ix) MDC NW16 LN Foreline trap, KDFT-4075-2LN, P/N 434002 

(Ix) MDC NW63 LN Foreline trap, LDFT-8250-2LN, P/N 434020 

(Ix) Mitutoyo Digital Micrometer, Model 293-721-30, S/N 8084339 

(Ix) MTI Model MTI-2000 Fotonic Sensor with fiber optic probes 

(2x) National Instruments BNC-2090 Connection units 
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(2x) National Instruments PCI-6110 A/D in, D/A out Data acquisition boards 

(Ix) Nikon Optiphot 88 microscope 

(Ix) Ol3Tnpus SZ60 Stereo microscope 

(Ix) Omega Inc. Omegaette HH306 Thermometer 

(Ix) Panasonic Model PV-7400 VCR unit 

(2x) Parker Hannifin Model 009-225-900 24VDC Fast acting solenoid valves 

(2x) PCB Piezotronics Model 112A22 dynamic pressure transducers 

(Ix) PCB Piezotronics Series 481 signal conditioner 

(Ix) Polytec PI OFV056 Scanning Head 

(Ix) Polytec PI OFV056C Close-up attachment 

(Ix) Polytec PI OFV3001 Vibrometer controller with 2nm resolution board 

(Ix) Polytec PI OFV310 Focus controller 

(Ix) Polytec PI PSV-Z-040-F Junction Box 

(7x) Red Bulls 

(Ix) Sensotec FDD1BR.2D5A6A 0-5V lOOpsid pressure transducer, 0.1% 

(Ix) Sensotec FDW1CJ.2D5A6A 0-5V 150psid pressure transducer, 0.1% 

(Ix) Sensotec FPG1BR.2D5A6A 0-5V lOOpsig pressure transducer, 0.1% 

(2x) Sensotec FPG1CR.2D5A6A 0-5V SOOpsig pressure transducer, 0.1% 

(Ix) Sony Model PVM-1350 Monitor 

(Ix) Surface Technology Systems (STS) ICP Deep Reactive Ion Etch tool 

(15x) Swagelok SS-42S4 Ball valves 

(8x) Swagelok SS-4H Bellows valves 

(2x) Tektronix TDS210 Two-channel oscilloscopes 

(Ix) T-M Vacuum Products Inc. Model SS806NS-14 Vacuum Oven 
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• (Ix) Vaxian Convectorr vacuum gauge with Panelvac meter 

• (Ix) Welch vacuum pump Model 1392B-01 with Emerson Model S55NXMPF-678'8 

Electric motor 
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Appendix C 

Detail designs 

C.l    Die-level anodic bonding jig 

The detail design for the die-level anodic bonding jig, as shown in Figure 3.8, is given 

here. All parts not shown are standard off-the-shelf components. Some of the standard 

knurled thumbwheels required minor modifications for this application. The four posts on 

the corners of the jig are standard 6-32 threaded rod. The bushings shown in Figures C.5 
and C.6 require a piece of seamless 304L stainless steel tubing to be cut to protect the 

ceramic parts against abrasion from the threaded rods. 

The complexity of this design comes from the requirements of being able to make contact 

to multiple layers in a silicon-glass sandwich structure, from both the top and bottom of 

the stack. In addition, this jig has to withstand temperatures as high as 500°C, eliminating 
most, if not all, polymers for use as insulators. In addition, care had to be taken to allow for 

thermal expansion. Therefore, the main stainless steel part is "floating", both mechanically 

and electrically, between the four posts, but the potential of this part is effectively set by 
the threaded rod contact that is connected to the post attached to Spacer2, shown in Figure 

C.6. This post was chosen to be at ground potential and the main part is pressed against it 
by springs acting on the opposite ceramic bushes. The use of a positive-negative switchable 

power supply made device stacking and pre-bonding assembly easy. After assembly, the 

power supply simply had to be set to ensure that the glass is at a negative potential with 

respect to the silicon. 
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Figure C.l: Main stainless steel part 
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C.2    Test jig for the hydraulic amplifier 

This section includes the detail drawings of the test jig that was used to test the hydraulic 

amplifier. The material used was 6061 — T6 aluminum, and the jig was anodized black to 

prevent glare while performing optical measurements. 
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Figure C.14: 3D view 1 
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Figure C.15: 3D view 2 
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Figure C.16: Front view 1 
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Figure C.17: Front view 2 



150      C   Detail designs 

Figure C.18: Front section 1 
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Figure C.20: Front detail 2 
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Figure C.21: Front detail 3 
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Figure C.22: Side detail 1 
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Figure C.24: Mount 



Appendix D 

Computer code 

D.l    Matlab codes used for modeling of the HAC 

These codes were contributed by D. C. Roberts, and are included here for completeness. 

D.1.1    Bisection method iteration code for modeling of the HAC 

This code calls the nonlinear plate code and uses bisection to solve for zi and za, using the 

following equation as a convergence criterium (See (2.20)): 

AFi + A\^2 = AVf (D.l) 

function [Zte, dVte, dVfluid, Ztop, dVtop, Fvm, Zde, dVvm, Maxstress, Zvc, PHAC]. 

=HAClValvoMatlabIterateSubCode(Ppis,PHPR) 

X9-16-01 DAVID C. ROBERTS 

% 
%  This file iterates in PHAC to determine the equilibrium solution 
Xfor the HAC device behavior (1-Valve devices). 

XRead in compliance coefficients from Haple generated -m file 

HAClValveHatlablterateHatrix; XRead in compliance coefficients 

XXXXXXDEFIKE IMPORTANT PARAMETERSXXZXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 

flagNL=l; Xincludo non-linearity if flagNL=l 

Ho=0; XInitial in-plane prestress 

XXXXXXPROVIDE INITIAL GUESS FOR PHACXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 

PHACguess=0.0013e6; 

PHACl=PHACguess; 

PHAC2=PHACguess; 

checkO=l; 

checkl=l; 
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1=0 

j-o 

XD«tBrBiM ToluiM discrepancy for initial PHAC guesa 

0»tPpi» PHPR PHACl];  XVector of input paramatar* to compliance natrii 
S<A>U';  %S is the vector of all linear responses 
Fvc»A»c»(PHACl-PHPR)j   Pva»PHiCl-PHPR;  XDefine these loadings for use in 
XNLActiTeValve.MenbranaCaseA.a 

[y,r,Vtotal,p8i,W.theta,icl,thetaND,psillD,sigina.r.top,sigma.r_bot,yvc,Baxstres8] ... 
■ RLActivaValve_He]abranaCaseA(Pvn,Fvc,rvc,rvm,tVD,Esi,nusi,flagl)L,Ro); 

dVvin=Vtotal;  dVte=S(2);  dVfluid=S(3)j  dVtop»SC5); 
checkl = (dVvB + dVtop - dVte -    dVfluid); 
checkO=checkl; 
XDone 

XDetermine range of PHAC (between PHACO and PHACl) within which 
Xthe real PHAC lies 

while chockO»checkl/(aba(checkO«checkl))> 0 
i»0 

PHACO - PHACl; 

PHACl - PHAC2 

checkO « checkl 

n«[Ppis PHPR PHACl]; XVoctor of input paraaoters to 

^compliance aatrix 

S»A*U'; XS is the vector of all 

Xlinear responses 

Fvc=Avc»(PHACl-PHPR); Pva-PHACl-PHPR; XDefine these 

Xloadings for use in HLActiveValve.HembraneCaseA.m 

[y,r,Vtotal,psi,W,theta,xi,thetaHD,psiHD,signa_r.top,«igma.r.bot,yvc,... 

aazstrs8s3 " MLActiveValve.MembraneCaseA (Pvm, Fvc, rvc, rvn, tvm ,Es i ,nus i, flagNL, Ho); 

dVviii=Vtotal; dVte«S(2); dVfluid-S(3); dVtop-S(5); 

checkl = (dVvm ■»■ dVtop - dVte - dVfluid); 

if checkl < 0 

PHAC2 « 10»PHAC1; 

elseif checkl > 0 

PHAC2 " 0.1«PHAC1; 

else 

break; 

•nd 

end 

if PHACKPHACO Xrearrange PHACO to be less than PHACl 

PHACmaz'PHACO; 

FHACmin^PHACl; 

PHACl^PHACsax 

PHACO-PHACain 

else 

end 
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XDOHE.it has been determined that PHAC lies between PHACO and PHACl 

j=0; 

^Determine solution for PHAC 

PHACm=0. 6* (PHACO+PHACl); 

firsthalf=0; 

while abs((PHACl-PHACO)/PHACO) > 0.0001 

i=l 

j=j+l 

if firsthalf=l 

D=CPpis PHPR PHACm];  XVector of input parameters to X 
^compliance matrix 

S=A*n' j XS is the vector of all 
Xlinear responses 

Fvc=Avc*(PHACm-PHPR);   Pvm=PHAClii-PHPR;   XDefino these  loadings 
Xfor use in NLActiveValve.MembraneCaseA.m 

[y,r,Vtotal,psi,W,thota,xi,thetaND,p3il)D,... 
sigina_r_top,sigma_r_bot,yvc,maxstress]   =  ... 

HLActiveValve_MembraneCa3oA(Pvm,Fvc,rvc,rvm,tvm,Esi,nusi,flagHL,Ko); 

dVvm=Vtotal;  dVte=S(2);  dVfluid=S(3);  dVtop=S(5); 
checkm = (dVvm + dVtop - dVte -    dVfluid); 

else 

U=[Ppis PHPR PHACO] ; XVector of input parameters to 

Xcompliance matrix 

S=A*U'; XS is the vector of all 

Xlinear responses 

Fvc=Avc*(PHACO-PHPR); Pvm=PHACO-PHPR; XDefine these loadings 

Xfor use in NLActiveValve_MembraneCaseA.ni 

Cy.r.Vtotal,psi,W,theta.xi,thetaND,psiKD,... 

sigiiia_r_top,sigma_r_bot,yvc,maxstress] = ... 

HLActiveValve_MeiiibraneCaseA(Pvm,Fvc,rvc,rvm,tvm,E3i,nusi,flagNL,No); 

■dVvm=Vtotal; dVte=S(2); dVfluid=S(3); dVtop=S(5); 

checkO = (dVvm + dVtop - dVte - dVfluid); 

0=[Ppis PHPR PHACm]; XVector of input parameters '/. 

to compliance matrix 

S=A»n'; XS is the vector of all X 

linear responses 

Fvc=Avc*(PHACm-PHPR); Pvm=PHACm-PHPRj XDefine these loadings for X 

use in NLActiveValve_MembraneCaseA.m 

Cy.r,Vtotal,psi,W.theta,xi,thetaND,p3iND,... 

sigma_r_top,sigitta_r_bot,yvc,maxstress3 = ... 

NLActiveValve_MembraneCaseA(Pvm,Fvc,rvc,rvm,tvm,E3i,nusi,flagNL,No); 

dVvm=Vtotal; dVto=S(2); dVfluid=S(3); dVtop=S(5); 
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checka « (dVvm + dVtop - dVt« - dVfluid); 

•ad 

if checkOtchackn <■ 0 

P1UC1«PHACB; 

fir«thalf=l; 

• l8« 

PHACO-PHACB; 

firathalf'O; 

•nd 

PHACi»=0.5» (PHACO+PHACl) 

•nd 

PHAC'PHACm; 

XDONE, PHAC lolution has baen daterninad 

XEvaluata all paranetara for la»t valua of PHACm 

U=[Ppis PHPR PHACm]; XVector of input paraaatars 

Xto complianca aatriz 

S»A»D'; XS is tha vactor of all linaar 

Xrasponsas 

Fvc«Avc»(PHACn-PHPR); PVB-PHACB-PHPR; XOafina thasa loadings for 

Xusa in WLActivaValva.HaiibranaCasaA.n 

[y,r,Vtotal,psi,W,thata,xi,thataND,psiRD,... 

■igiui_r_top,sigiiia_r.bot,yvc,naxstres8]   «... 

KLActivaValva_MambranaCasaA(Pvm,Fvc,rvc,rviii,tvi»,Esi,nusi,flagNL,Ho); 

Zte=S(l); 
dVte=S(2); 
dVfluid=S(3); 
Ztop=S(4); 
dVtop»S(6); 
Fvii»S(6); 
Zda«S(7); 
dVvB^Vtotal; 

Haxstraasiiaxstrass; 

Zvc«yvc+Ztop; 

PHAC=PKACm; 

XDOHE 
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D.1.2    Nonlinear annular plate code 

function ry,r,Vtotal,psi,W,theta,xi,thetaHD,psiHD,3igma.r_top,3igma_r_bot,yvc,maxstre3s] . 

= HLActivaValve_MeiiibraneCaseA(Pvm,Fvc,rb,ra,tvm,E,nu,flagHL,No) 

lCNLValveCapMembrane_CaseA.m 

iiDavid C. Roberts, 11-30-2000 

XThis Hatlab code solves for the non-linear deflection behavior of the valve cap 

jC/membrane under loading Pvm and Fvc. The deflection, slope, 

^curvature, swept volume, and membrane stress are calculated. Case A refers to the 

Xf act that He are applying both loading inputs Pvm and Fvc and determining the 

Xstructural response. Prior to calling of this code, the user must define Pvm and 

XFvc as functions of PI, P2, and PHAC.The loadings are defined as follows: 

X Pvm = pressure differential across valve membrane = PHAC-P2 

X Fvcstar = force seen by valve cap = Avc*(PHAC-Pl) 

XThe plate/membrane is characterized by inner radius rb, outer radius ra, thickness 

Xtvm, and material properties E and nu. 

format long; 

ntuvattitnttvantiuwaxinuu'at'ixi. 
XConvert Inputs to Dimensionless Qunatities 

P = (Pvm*ra"4)/(E»tvm"4); XOimonsionless loading of pressure 

Xdlfference across cap/membrane 

F = (Fvc*ra"2)/(pi*E*tvm"4); XDimensionless loading due to additional 

Xforce on cap 

vatvavavi. 

beta = 3qrt((l-nu)/(l+nu))*(rb/ra); 

k = (ra/tvm)*sqrt((12*(l-nu-2)*lIo)/(E»tvm*(l-beta"2))); 

s = beta*k; 

XXXSection 2: Define grid spacing and corrdinate transformation parameters 

XXXfor finite-difference method 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxr,4xxrnxxxxxxr/;yCxxxxxxxxnxxrxxraxy.xxxxxxxr/;mxi!X'/!X'/xy.x 
Npoints=200; XThe total « of grid points to use (MUST KEEP IT EVEN) 

alpha^l.Ol; XGrid density parameter 

phi=(alpha+l)/(alpha-l)j XGrid density ratio 

hr = l/CHpoints-l); XSlze of grid spacing 

eta = 0:hr:l; XVector of evenly spaced points between 0 and 1 

ii_b = rb/ra; XNon-dimensional position of inner radius 

xi_c = (rb+ra)/(2*ra); XNon-dimensional position of midpoint along membrane 

ii_a = ra/ra; XHon-dimensional position of outer radius 

XFor the grid points from xi_b to xi_c, define the derivatives of eta with respect to xi 

for i=l:Npoints/2, 

ii(i) = xi.b + (alpha-l)*(xi.c-xi_b)»(phi-phi"(l-2*eta(i)))/... 

(l+phi-(l-2*eta(i)))j 
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B » (alpha-l)*(xi.c-xi.b); 

■2 » a*phl - m + 2»xi.b; 

d«ta(i) - (0.6/logCphl))»(m»(Uplii))/((m*pM-(xi(i)-xi.b))».. 

(m+(xiCl)-xl.b))); 

<12et«{i) = -(0.6/log(phi))»(m»(l+phi)*(m2-2»xi(l)))/... 

((in»phi-(xi(i)-xi.b))»(B+(xi(i)-xi.b)))-2i 

•nd 

XFor the grid points from xi_c to xi.a 

for i-Npointi/2')'l:Hpointa, 

xi(i) = xi.b + (alph«-l)»(xi.c-xi.b)»(phi-phi-(l-2»8ta(i)))/. 

{l+phi-(l-2»«t«(i)))j 

a = (alpha-l)»(xi.c-xi.b); 

B2 « B»phi - a + 2*xl.b; 

d«ta(i) • (0.5/log(phi))«Cm«(l+phi))/((m*phi-(xi(i)-xi.b))».. 

(n+(xi{i)-xi.b))); 

d2eta(i) ■ -(O.B/log(phi))»(a*{l+phi)*(n2-2*xi(i)))/... 

((m»phi-(xi(i)-xi.b))»(a+(xi(i)-xi.b)))-2i 

end 

xxxrmmnmxummmmxmxnxmxxicmmx 
x%xn-mn%x%%nnx%nn%n%'a'mxvm 
XXXSection 3: Finite-Diffarenca laplamantation 

X(basad on Equation ?-? in Chapter 2, DCR Thesis) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxmxxxxxxxxxx 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

XGoveming equations at internal points (fron 2 to Hpolnts-1) 

for i"2:Hpoints-l, 

A(i,i-1) • (xi(i)-2«deta(i)-2)/(hr-2) - (xi(i)-2*d2eta(i)... 

♦ xi(i)*data(i))/(2»hr): 

ACi.i) . -( (2*xi(i)-2»deta(i)-2)/(hr-2) + (s-2+1) +... 

xi(i)-2»k-2 ); 

A(i,i+1) » (xi(i)-2*deta(i)-2)/(hr-2) + (xi(i)-2*d2eta(i) +... 

xi(i)«deta(i))/(2»hr); 

B(i,i-1) ■ (xi(i)-2»deta(i)-2)/(hr-2) - (xi(i)-2»d2eta(i) + ... 

3»xi(i)»deta(i))/(2»hr); 

B(i.i) « -(2»xi(i)-2*detn(i)-2)/(hr-2); 

BCi.i+l) - (xi(i)-2*deta(i)-2)/(hr-2) + (xi(i)-2*d2ota(i) + ... 

3»xi(i)*deta(i))/(2«hr); 

C(i) = 6«(l-nu-2)*P*(xi(i)-3 - xi(i)»(rb/ra)-2) + 6»(l-nu-2)»F«xi(i); 

end 

XBoundary condition equations at xi.b (grid point tl) 

A(l,l) • 1; 

B{1,1) « -3«xi(l)»data(l)/(2»hr) + (1-nu); 

B(1.2) » 4«xi(l)*deta(l)/(2«hr); 

B(l,3) = -xi(l)»deta(l)/(2*hr); 

C(l) >= 0; 



D.l   Matlab codes used for modeling of the HAC      163 

XBoundary condition equations at ii_a (grid point «Hpoints) 

ACNpoints.Npoints) = 1; 

B(Npoints,l(points-2) = xi(Hpointa)»data(Npoints)/(2*hr); 

BCNpoints.Npoints-l) = -4*xi(Kpoints)«deta(Npoints)/(2*lir); 

B(Hpoints,Npoints) = 3*xi(Mpointa)*detaClIpoint3)/(2*hr) *■  (1-nu); 

C(Npoints) = 0; 

xnnran\Tan%vava%nvaravara%nnn'ava'm.n 
%y:anvavanvannn'aTann7.% 
X'jCXSection 4:  Provide an initial guess for the theta vector 

iC(plate slope),  to be 
X'iCXused in the finite-difference iteration procedure. 

ntTAnvxanranvaxTATannvannnnnva'araviva 
%vanvavav:avavmvinn'an 

if k=0, 

Xtheta = (-0.7S*(l-nu"2)*P*xi.*(l-ii."2))'; XLinear result 

theta=xi'; 

else 

theta=xi': 

end 

xvavanxv/xavivxannnvAv^innvaviuvwxwxAm:/. 
nxva'Annnnnnvam'm.v.v.'in 
XXXSection 5: Matrix Manipulation Procedure 

vav/XAnvannnvavwxany:myxmxavirmvan7.v/. 
VAUtVA'A'aVA'A'AtlVAnVAVAUVAVA'a'A 

Niteratlons=SOO;  XPerform up to 500 iterations 
tolerancel5=le-8; 
tolerance2=le-8; 
omega=0.45:  XUnder-relaxation parameter 
if flagNL==l XThis variable is passed into file. 

KLoption=l;  %0 - Linear solution;   1 = NonLinear solution 

else 

NLoption=0; 
end 

for i=l:Niterations, 

i; 
for j=2:Npoints-l XOefine D vector for each iteration 

D(j) = -0.5»theta(j)."2; 
end 
D(1)=0; 
D(Npoints)=0; 

Sr = inv(B)*D"»NLoption; XSolve for Sr 

v_Sr = 12*(l-nu"2)*ii*."2.*Sr; ^Calculate non-linear correction term v_Sr 

A2 = A - diag(v_Sr,0); /CSubstract non-linear correction term from A 
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thata.nev » iuv(A2)»C'i XCalculata nev theta vactor 

inner.product " (thata.n«w'*theta)/aqTt(tliata.ii«w'*tliata_naw)/... 

*qrt(thata'*thata); 

langth.ratio • ■qrt(thata.nau'atheta.nau)/aqrt(thata'*thata); 

if (l-lnnar.produet) >« tolarancal | (1-langth.ratlo) >= talaraiica2 

theta « (l-OBega)*thata ♦ OBaga*thata_new; 
alsa 

break; 

and 

and 

t%x%x%xn%tn%%%xnnxxnnxnnnrmxx%xnmvm'anrmm 
xxxxxxxxxxxxxxxxxxxxxxxxxxx 
XXXSection 6: Calculate Deflection, Curvature, Stress, and 

XSuept Volume in thia 

XKXpost-processing section. 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxvaxxxxxxxraxxxxxxxm 
xxxxxxxxxxxxxxxxxxxxxxxx 

5U>UTE DEFLECTION: Calculate plate deflection vector from the final theta vector, 

Xuslng 2nd-order forward, backward, and central difference methods to express 

Xtheta in terms of W. Then, using matrix inversion to obtain the vector W. 

i=l; XBC at rb 

Wmatrix(i,i) - deta(i)«(-3/(2*hr)); 

Wmatrix{i,i+1) « detaCi)«(2/hr)i 

«matrix(i,i+2) - dota(i)»(-i/(2«hr)); 

for i«:2:Hpoints-l XInner grid points 

Wmatrix(i,i-1) « deta(i)»(-l/(2»hr)); 

Kmatrix(i,i+1) - deta(i)*(l/(2»hr)); 

and 

XBC at ra —> Do not do for the outer boundary condition. We already know that 

Xthe deflection at ra is equal to zero. 

U - inv(ltaatrix(l:Mpolnts-l,l:Hpointa-l))»theta(l:Hpoints-l); 

W«[W;0]; 

XDone 

XPUTE CORVATDRE: Calculate plate curvature vector from the final theta vector, 

Xuaing 2nd-order forward, backward, and central difference methods. 

i'l; XBC at rb 

psi(i) « deta(i)»(l/(2«hr))»(-3»theta(i) + 4*theta(i+l) - theta(i+2)); 

for i»2:I(pointa-l XInner grid points 

psi(i) = deta(i)»Cl/(2»hr))»(theta(i+l) - theta(i-l)); 

end 
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i=Npoiiits;  YSC at ra 
psi(i)  = data(i)*(l/(2*lu:))*(3*theta(i)  - 4*theta(i-l) + tlieta(i-2)); 
/(Done 

XPLATE STRESS: Calculate the stress vectors in the plate. 

for i=l:Kpoints 

Sro(i) = (k-2/(12*(l-nu-2)))*(l + beta-2/(xi(i)-2)); 

sigma.r.top(i) = (E*tvm*2/ra"2)*(Sro(i) + Sr(i) - ... 

(l/(2*(l-nu-2)))*(psi(i) + (nu»theta(i))./xi(i))); 

sigma.r.botCi) = {E*tvm-2/ra-2)*(Sro(i) + Sr(i) + ... 

(l/(2*(l-nu-2)))*(psi(i) + (nu*theta(i))./xi(i))); 

end 

if max(sigina_r_top) > max(sigma_r_bot) 

maxstress = abs(max(sigma_r_top)); 

else 

maxstress = abs(max(sigma_r_bot)); 

end 

iCDone 

XCONVERSIOK TO NOK.DIHENSIONAL PARAMETERS 

r=xi*ra; 

y=W*tvm: 

theta!fD=theta»tinii/ra; XThis non-dimensional theta is dw/dr 

p3iKD=p3i*tvm/(ra"2); XThis non-dimensional psi is d2u/dr2 

iCFLATE SWEPT VOLUME: Calculate total svept volume under cap and membrane. 

V=0; 

for i=l:Npoints-l 

dV(i) = pi*(r(i+l)-2-r(i)-2)*0.5*(y(i+l)+y(i)); 

V = V + dV(i); 

end 

yvc = yd); 
Vcap = yvc*pi*rb"2; 
Vtotal = Vcap + V; 

iCDone 
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D.2    Matlab code used for data analysis and computation 

X Lodewyk Stayn 

X Cods to postproceii tha HAC data taken in October 2001 

X Coi^btes the atlfneia aatrix 

X Reada in theoretical data aa generated by Dave's code 

X 

XXPolytec Calibration Factor*: 

XX for BOkPa testa —> 2un/V 

XX for lOOkPa teats ~> Suin/V 

XX for IBOkPa tests —> Bun/V 

XX for ZOOkPa tests ~> 20um/V 

clear all; 

close all; 

X USER INPUT 

XThe pai.l psi_2 matrix, to be subatracted froa the D matrices. 

X the units are in kPa/un 

psilpsi2E « tlE.2 0 

0 16.4:1 

psilpsi2T E [8.9 0 

0 17.B] 

X Plotstage X For the 2D plots 

X Set to the following values: 

X 1: Juit experimental data and curve fits 

X 2: Experimental curve fits, no error bars, and theoretical curves added 

X 3: Experiment, model, and the linear lines 

Plotstage • 3; 

X number of plot points to plot for the model values on the curves 

naodcorrpts « IB; 

X PKPR Question 

X Make all PHPR's negative? 

PHPRsgn = -1; 

X Readflag 

X Set « 1 if you want to read in a new datacell, or to 0 if you want to load the old one. 

Readflag • 0 
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'i  Read model data 

%  Set = 1 if you vant to read model data. 

HodReadtlag ° 0 

•/ Mplotf lag 

X Set to 1 if you want to plot all the time histories 

Hplotflag = 0 

X  To do postprocessing or not 

Postprocflag = 1; 

X  File to save datacell to 

irfilename = 'PisBValB.workf lle.mat' 

vfilename.mod = 'PisBValB_workfile_mod.mat' 

X  Number of channels in each file 

Nchannels =  4; 

chanlstr = 'Pulse Valve Drive Signal 1'; 

chan2str = 'Piston Displacement'; 

chanSstr = 'P_l'; 

chan4str = 'P.2'; 

XNumber of files to read: 

nfilesl = 6; 

JtArray of model file names to be read 

modfilearray = {'HAC10ValveData.Phpr0kPa_8um.6um.mat' 

'HAC10ValveData_Phpr92kPa_8um.6um.mat' 

'HAC10ValveData.Phpr298kPa_8um.6um.mat' 

'HAClOValveDat a_PhprS00kPa.8um.6um;mat'} 

X  Array of the corresponding PHPR's for the model files - NOTE - USE THE POSITIVE VALUES!! 

modfileP.HPR.S = [0 

92 

298 

600]; 

X  Change the sign appropriately 

modfileP.HPR.S = modf ileP_HPR.S*PHPR3gn; 

X  Caption of the data to be stored in the model cell array 

modfilecaption = 'PHAC PPisvaryl Zdel Zvcl maxstressl' 

X  Polytec Settings for each file X  Also correct for index of recfraction 

PolytecFactors = [0.6/1.3745 

O.B/1.3745 

0.5/1.3745 
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8/1.3745 

8/1.374S 

8/1.3746]; 

X Values to shift the Polytec Channels by to get the correct zero values (in um) 

X These are for each file, and are obtained after the first run of this code 

X  Subatract!! these values from the actual data..,. 

PolytecTshifts ■ [-0.16 

-0.25 

-0.05 

-0.06 

-0.025 

-0.05] 

xrmnxnxxxvan 

X  Create a natrix uith all the drive element XY plots to be done. 

X Columns are:  Coll: File « Col2: Start time in Sees Col2: End time in Sees 

DEplots - C3 24.4 26.9 X OkPa PHPR 

1 32.4 34.8 XlOO kPa 

2 16.6 19  X 300 

3 16.4 19]  X 600 

DEsign » -1 X To make Data negative, make it -1, to Hake it Poa, make it 1 

VCplots = [6 8.6 11.7 X OkPa 

4 13.4 16.6 X 100 

8 18.2 21.4 X 300 

6 18.2 21.4]  X600 

VCsign « 1 X To make Data negative, make it -1, to Make it Pos, make it 1 

XI!!!! HOTE We compute P as a function of X, and not the other vay around !!!!! 

X !!!! AKD THEK WE PLOT THE INVERSE !!!!! 

X Why  Because if F ■ kl»x + k2«x-3, it 

XDOES NOT HEAH THAT i » sl»F + s2*F-3 !!! 

X Define degree of polynomials to fit to the respective data 

DEPolydeg » 3; 

DEPolydeg.err « 3; X For error bars 

VCPolydeg - 3; 

VCPolydeg.err = 7; X For error bars 

X*****************f»t***f***f**ttttttt*»t****t***t**ntt****tt»t**t**** 
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X 2D XT Plot axis limits 
X************************************************************************* 

yde.lims = C-0.7 1.6] 

yvc_lijns = [-13 13] 

xPdo.lims = [-20 520] 

X  20 and 30 plot Axis labels 

xPde.labl = 'P.l (kPa)'; 

xPde.labl3D = {'P.l (kPa)'}; 

yPlipr.labl = ■P.2 (kPa)'; 

yPhpr.labl3D = <'P_2 (kPa)'}; 

zde_labl = 'z_l ( \mu m)*; 

2vc_labl = *z_2 ( \mu m)'; 

curvefract = 0.6 X for placing labels on the curves 

% 2D Plot figure properties 

%  All units here in pixels 

Plotlpos = [200 200 700 500] 

Plotlaxpos = [65 65 570 380] 

Plotlunits = 'pixels' 

Plotlfontsize = 14 

Plotllinewidth = 2 

JC Plot 2 will form part of a 2-plot set. for the drive element and the valve 

Plot2po3 = [250 250 600 600] 

Plot2axpos = [65 65 370 370] 

Plot2units = 'pixels' 

Plot2fontsize = 14 

Plot21inewidth = 2 

%  Plot r is for the raw data 

Plotrpos = [150 100 700 700] 

Plotrunits = 'pixels' 

Plotrfontsize = 12 

Plotrliuewidth = 2 
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X Font liz* tor tha curva lagand: 

curvalagfntsiz = 10 

X Stiffneat natrix paramatars 

X First Valua of valva cap daflactlon to usa in um 
zVCsdafi « 1; 

X Second valua of valva cap daflactlon 

zVCBd«f2 = -1 

X Indicaa of tha DEplots and VCplots to uaa for computing the stiffness matrix 
X ONLY 2 allowed 

Exp.Kidxs " C2 

3]; 

X Indices of tha modfilearray to use for the stiffness matrix 

X OKLY 2 tllowed 

Theo.Kidxs = C2 

33; 

X********************************************* 
X End Stiffness matrix parameters 

X*t**t**tt*t**t**tt*ttttt*********ttt**t****** 

XMumber of points to plot for each curve fit 

ncfitpts • 200; 

FitLwidth ■ l.B; X Linewidth of the fitted curves 

X Number of points for error bars 

nerrbpts « 7; 

xxxxxxxxx 

X Static pressure sensor calibration factor 

SansPressFactl « 6.894*100/4.9939; X6.894 Pa/psl ; 4.9939 V/lOOpsi (Sensotec FDDBR,2DBA6A, 769233) 

XXXXXXXX 
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X static Sensor 2 calibration factor 

SensPre3sFact2 = 6.894*150/5.0111    X Sensotec FDW 150 psi differential sensor 

X  Define a color vector with the appropriate colors for the different lines 

PColVect = ['r' 

•e" 
>b' 

'c' 

'k'li 

X 3D Plotting Parameters 

%  Number of points to use for the functions when doing the surface plots 

nfcnpts = 200 

y.  Number of points per axis for the surface plots 

nSdpts = 20 

X  PPiston values for surface plots 

Ppismin = 0 

Ppismax = 500 

%  Note, Phprmin should obey the sign convention - IT WILL NOT BE AUTOMATICALLY CORRECTED 

X Phpr values for surface plots 

Phprmin = -500 

Phprmax = 0 

y. END: USER INPUT 

nmodfiles = size(modfilearray,l); 

if Readflag = 1 

X******************************************************************************* 
X Section : Files read 

X*************************************************************************** 

X Open the files to generate the appropriate plots] 

fid_v = zerosCnfilesljl) 
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t Fil« 1: 

fid.vd.l) ■ top«n('HACDev3Fil3.Pi«B.PPi«600kPa.PHPR100kPa.0BiunV.Rmil.txt','r'); 
*i(l.v(2,l) ■ fopanC'HACDav3FH3.Pi«B_PPii600kPa.PHPR300kPa.05umV.Riml.txt>,'r•); 

fid.»(3,l) • fop«n('HACD«v3Fil3.Pi«B.PPis600kPa.PHPRS00kPa_05iuiV.Runl.txt','r'); 
f id_v(4,1) » f opan( 'HACDev3Fil3.ValvB.PPii500kPa_PHPR100kPa.8u«V.Mon7.Runl. txt', 'r') 

fid.»C6,l) ■ fop«nC'HlCDav3Fil3_ValvB_PPi»500kPa.PHPR300kPa_8uiiiV.I1em7_Runl.tit', 'r') 
fid.T(6,l)  ■ fopanC'HACDev3Fil3.ValvB_PPi«E00kPa.PHPRS00kPa.8iimV.Mem7.Runl.tit', -r') 

t Read tha laapllng ratal in Scans par sacond 

X Craata a call array with tha *ana amount of colunns as tha number of filas 

DataCall • eell(3,nfHasl); 

for il > linfilasl 

tDataCalKl.il} eountl]-fscanf (fid.v(il.l),'Xe', [1 1]); X  Gat tha seanrate for each file 
and 

X Read tha data into tha call array 

for il = linfilasl 

[A countl]»facanf(fid.v(il,l),'Xa'.[Nchannels inf]); 

fclosa(fid.v(il.l)); 

DataCall{2,il} "A"; X Assign the appropriate column in the dataset to the file 

Xnuaber read in above 

and 

X**************************t*******f**t*******tt*****»**t****ttttt***t*****ttt***t 
X Files read Cell array assigned 

X**************»*************f**t**t*t*****t****t*t»*tttttt**t*tttt*****ttt*»*»*t* 

save(wfilaname,'DataCell■); 

else 

load(vfilenana); 

and 

X***************************t***t*tttt*t****t*t****tt*ttttt**t***f********** 
X Read Model Files 

X**********************************t************************************** 

if ModReadflag •« 1 

X***********************************************t************,******t*****„t******** 
X***********************************t**************************************fm,t*** 
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%  Import appropriate data from NL code 

X**«*****»**»*«»»*****«****************»****»*************************************** 
•/^t********************************************************************************** 

% Create a cell array that will store all the data of all of the 

% model files in a single structure 

ModelCell = cell(2,nmodfiles); 

X Load the appropriate model files 

XYour variables are: 

XPHACl      Pvaryl     Zdei       Zvcl       maxstressl 

for il = l:miiodfilos 

load(modfilearray{il,l»;  X Load the model file\ 

nptsmod = size(PHACl,2); X Compute # of points in the file 

A ~  zerosCnptsmodfB); 

i(:,l) = PHACl'/lOOO;  X Get the pCressure in kPa 

AC:,2) = Pvaryl'/lOOO;  % Get the pressure in kPa 

A(:,3) = Zdel'*le6; % Get it in urn 

A(:,4) = Zvcl'*le6; X Get it in um 

A(:,5) = maxstressl'/lo6i  X Got the stress in MPa 

ModelCelKl.il} = modf ilecaption; 

HodelCelU2,il} = A; 

end 

)(*******♦♦**##*****************♦♦**♦******♦********** 

X All Model Files Loaded 

save(wf ilename_mod, 'ModelCell*); 

else 

load(vf ilename„mod); 

end 

X Set the time Vectors 

%*»»»*♦«»»»*»»**«»*****♦*♦•*»»♦***«**»♦♦********»**»*»»**•**»***♦***♦***♦****♦***** 

X Define the time interval 
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for 11 ■ l:iifll€gl 

dTl ■ l/DataC«ll<l,ll};  X G«t the icanrate for th« file under inepectlon 

opts « il2e(DataCell{2,ll},l); 

Tinel « zeros(npts,1); 

for 12<l:iipta 

Tiiiel(12,l)"dTl»12; 

•nd 

DataCall{3,ll} « Timel; 

•nd 

X Time Vectora Set 

x»»»»»»»»»»«»«»»»»»««»,.„«»»«,»,,,,,„„,„„„,„„„,„,,,„,,j^,,„^,^,^,,^,^^^ 

X  Scale the data appropriately - convert the voltages into Data 
x«»**«»»»»«»»»»*»»»»»««»»»»*»»»».»»»»♦»„»««,«»,,,„,,„,„,,,,„,„„,„„ 

for il « l:nfilesl 

1 = DataCell-[2,il>; 

i(T,2) ■ A(:,2)»PolytecFactors(il,l); 
A(:,3) ■ l(:,3)*SensPressFactl; 
A(:.4) • i(:,4)»SenaPres«Fact2; 

DataCell{2,il} = A; 
end 

X**********»*********f****t******t*tttt*****t*t*****tt******t*********t*tt 
X Data Scaled 

X***************»************t***t***»*tt*****f**************************** 

X*************************************************************************** 
X  Adjust DC offsets on the Sensotec pressure transducers and also the Polytec 

X*************************************************************************** 

for il = linfilesl 

A = DataCell{2,il}; 
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A(:,2) = A(:,2) - PolytecYshifts(il,l)i 

A(:,3) = A(:.3) - min(A(:,3)); 

A(:,4) = A(:,4) - Bian(A(: ,4)); 

DataColl{2,il} = Aj 

end 

X*»»*»**»***»***t************»*********»********»*************************** 

X  DC Offsets Adjusted 

x»***«**»****************»»******************************»***************** 

^tttttttt******************************************************************* 

%  Plot results for each file 

if Hplotflag == 1 

X  Set up the figure handles for these plots; 

hmplots = zerosCnfilesl,!); 

hmsubplots = zerosCnfilesl,4); 

hmsubhandls = zeras(nfilesl,4) 

xlabh = zeros(nfilesl,4); 

ylabh = zeros(nfilesl,4); 

tith = zerosCnfilesl,4); 

for il = linfilesl 

A = DataCell{2,il>; 

Timel = DataCell{3.il}; 

hmplots (il,l) = figureCcolor'.'B','position',Plotrpos); 

hmsubplots(il,l) = subplot(2,2,l); 

hmsubhandlsCil.l) = plotCTifflel,A(:.1))i 

Xgrid 

xlabh(il.l) = xlabelCTime (s)') 

ylabh(il.l) = ylabeK'Voltage (V)') 

tithCil.l) = title(ehanlstr) 

hmsubplots(il,2) = subplot(2,2,2); 

hmsubhandls (il,2) = plot(Timel,A(: ,2)) ; 

Xgrid 

Jtlabh(il,2)  = xlabeK'Time   (s)') 
ylabh(il,2)  = ylabelCDeflection  (\mu m)') 
tith(il,2)  = title(chan2str) 
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lmaubplot«{il,3)   « lubplot(2,2,3); 
lmsubhandls(il,3)  «plot(Tiiii«l,»(: ,3)); 
Xezii 
xl«bh(il,3) » lUbslCTias  («)') 
ylabh{il,3) « ylabalCPrassura  (kPa)') 
tith(il,3)  ■ titla{ch«n38tr) 

hiiisubplota(il,4)  " ■ubplot(2,2,4); 
hm8ubhaiidla(il,4)  ■ plot(Tiiiiel,A(: ,4)); 
Xgrid 

xlabh(il.4)  - xlabalCTima  («)') 

ylabh(il,4)  » ylabalCPrasaura  (kPa)') 
tith(il,4)  " title(chan4atr) 

and 

% Maka tha plots pratty: 

«et(hmsubplota,'fonts ize■,Plotrfonts ize,■linawidth•,Plotrlinewidth) 
sat(hmaubhandla,'color','k'); 

sat(xlabh,'fontsize',Plotrfont8lza); 
»et{ylabh,'fontsiza',Plotrfontsi2a); 
aat(tith,'font8iza',Plotrfont8iza); 

■nd 

X Plots  Coaplatad 

X*******************t*****t*t*t*****t*****»***t*ttt*t*ttt*t*ttt*t*t**t**t**tt****t 

if Postprocflag «= 1 

X**************************t*t******tt**tt*f***t****t*t**tt*t***t*tt»tt»tt**»*t* 
X  Maka the t«o X-Y plots 

X**************f*t***********t******»*»*****tt**t*t**t**tt**tttt*t***t*****t*tt* 

%  Detamlna tha langth of tha plot color vector 

ncolors ■ siza(PColVact,l); 

X***************************t*tttttf**t*ftt**tt*tttt*****t*t*t*****ft**t»*tt» 
X  DE plots 

X*»***********»*********tt**Ht*»***t*t»*tt*»*****t*t*t»,ttttt*tttt»t*tttt*ft* 

X  Create a call array with all tha XY data for tha respective plots 

nDEplt « size(DEplots,l); 

DE.XYCell = call(2,nDEplt); 
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hll = figuroCcolor','"'); 

hlla = axesCbox'.'on'); 

DElinehandl = zeros (nDEplt, 1); 

for il = 1:nDEplt 

dat.idx = DEplotsCil.l); 

%  Load the appropriate time data 

A = DataCell{2,dat_idx>; 

Timel = DataCall{3,dat.idx}; 

npts - size(Timel,l); 

tl = DEplots(il,2); 

t2 = DEplota(il,3); 

tmax = Timel(npts,1); 

X Approximate the data indices 

dat_idx_l = floor(tl/tmax*npts); 

dat.idx_2 = lloor(t2/tmax*npts); 

P.Save = A(dat_idx_l:dat_idx.2,3)! 

Delta.Save = DEsign*A(dat.idx.l:dat_idx_2,2); 

A_Save = [P.Save Delta.Save]; 

PHPR.Save = maan(A(dat_idx.l:dat.idx_2,4));  X Define the average value of PHPR 

DE.XYCell<l,il> = PHPR.Save»PHPRsgn;  X Sign Change 

DE_XYCelH:2,il} = A.Save; 

X Get a color index for this plot 

col.idx = ceil(((il/ncolors) - floor(il/ncolors))*ncolors)j 

axes(hlla); 

DElinehandKil.l)  = line(P.Save.Delta.Save, 'color' ,PColVect(col_idx,l)) 

end 

XxlabeK'Pressure   (kPa)'); 

ICylabelC'Deflection  (um)'); 
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x»t»»..«»,,»,.„»,«,,,»„,,,„»„,„„„„„„„„,„,„,,,,j,,,,,^^^^,^^^^^^^^^ 
X VC plots 

t  Create a call array with all the XY data for the respective plots 

nVCplt = ai2e(VCplots,l); 

VC.XYCell - cell(2,iiVCplt); 

h22 » figure('color'.,'u')i 

h22a « axesCbox'.'on'); 

VClinehandl » zeros(nVCplt.l); 

for il « l:nVCplt 

dat.idi » VCplots(il,l); 

X Load the appropriate tine data 
A « DataCell{2,dat.idx}; 
Timel = DataCell{3,dat.idx}; 

iqits ■ tizedijiiel,!); 

tl • VCplots(il.2); 
t2 " VCplots(il,3); 

tmax » TineKnpts.l); 

X ipproximate the data indices 
dat.idi.l ■ floorCtl/tiiax*npts); 
dat.idi_2 « floor(t2/tmax*npts)i 

P.Save " i(dat.idx.l:dat.idi_2,3); 
Delta.Save - VCsign»A(dat.idx.l:dat_idx.2,2); 

A.Save » [P.Save Delta.Save]; 

PHPR.Save » Bean(A{dat.idx.l:dat.idx.2.4));     I Define the average value of PHPR 

VC.XYCell{l,il} « PHPR.SavetPHPRsgn;     X Sign change 
VC.XYCell{2,il> ' A.Save; 

X Get a color index for this plot 

col.idx » ceil(((il/ncolors)  - floor(il/ncolora))»ncolors); 

axe3(h22a); 
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VClinehandKil.l)  = liue{P.Save,Delta_Savo,'color',PColVect(col.idx,l)) 

end 

XxlabelC'Pressure (kPa)'); 

3Cylabel('Deflection (um)'); 

X XY PLOTS COHPLTETED 

% NoH we have the data for the XY plots 

X Perform Curve fits on all the XY-plots 

X We perform 2 types of curov fits 

X One PROPER one, to be used for further computation 

X And one inverse (incorrect) one, to be used for 

X making errorbars 

X Drive elements 

X Create a cell array with two rows: One for the polynomial coeficients and one 

X for the regression correlation structure 

DE.PolyCell = cell(4,nDEplt); 

DE.PolyCell.wrong = cell(2,nDEplt); 

DEfithandl = zeros(nDEplt,l); 

DEebarhandl s= zeros(2,nDEplt); X Error bars have 2 handles, one for the bars, and one X 

for the line 

DElabhdl = zeros(nDEplt,1); 

for il = 1: nDEplt 

X Load the XY data 

A = DE.XYCell{2,il}; 

X Fit a curve to it 

X!!!!! HOTE We compute P as a function of X, and not the other way around !!!!! 

X I!!! AND THEN WE PLOT THE INVERSE !!!!! 

X Why  Because if F = kl«x + k2»x-3, it DOES HOT MEAN THAT x  = sl*F + s2*F-3 !!! 

[P,S] = polyfit(A(:,2),A(:,l),DEPolydeg);  X Linear fit for this data 

XStore this data into the new cell array 

DE_PolyCell{l.il} = P; 
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DE.PolyCBlH2,il} . S; 

X klso fit the invaraa eurv«, but this la not so nic 

[P.S]  » polyfit(A(:,l),A(:,2),DEPoly(lag.arr); 

ZStora this data into tha nau cell array 

DE.PolyCall.wrong{l,il> » P; 

DE.PolyCell.wrong{2,il} « S; 

X Detamina the x-limita for this plot 

xmin " iiiin(A(:,2)); 

xmax  = iiax(A(:,2)); 

X Create an i-vactor with tha appropriate number of points 
Xvect = linapace(xDin,XBax,ncfitpts); 

X Create y -vector with the correct curve fit 

[Yvect,delta]   - polyval(DE_PolyCell<l,il},Xvect,DE_PolyCeH<2,ll»; 

X Perform plot on the previous axes 

col.idx " ceil(((il/ncolors)  - floor(il/ncolors))*ncolors); 

axaa(hlla); 
hold on; 

X Plot the fit on tha axes 

DEfithandl(il,l) « line(Yvect,Xvoct,'color',PColVect(col.idx,1) ,'linewidth'.FitLwidth) 

X*******^***************^***tt*t***t****tt^*^*t^tt^t^tttttt^„t**^* 
X  Store PHPR and the domain 

P-hpr.x = DE.XYCelKl.il};  X Alao extract the corresponding PHPR 

DE_PolyCeH{3,il} = P.hpr.x; 

DE.PolyCall{4,il} « txmin xnax]; 
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^^i************************************************************** 

^♦**«#********************************************************** 

X  Place text on the curves lor each P2 (PHPR) 

ctextl = strcat('P_2=',strcat(imm2str(iiiodfileP_HPR_S(il,l),'X4.0f'),'kPa')); 

DElabhdKil.l) = curvelabel2(ctextl,hlla,xPde.lim3,yde_lim3,curvefract,Yvect,Xvect); 

%  Create the error bar plot 

xemin = min(A(:,1)); 

xemax ~ max(A(: ,1)); 

Xv_err = linspace(xemin,xemax,nerrbpts);  X Use inverse data for error bars 

[Yv_err,Edelta] = polyval(DE_PolyCell.wrong-Cl,il},Xv.err,DE_PolyCell_wrong{2,il}); 

DEebarhandl(:,il) = errorbar(Xv_err,yv.err,Edelta) 

set(DEebarhandl(l,il), 'color' ,PColVect(col.idx,l) , 'linawidth' .FitLwidth) ; 

delete(DEebarhandl(2,il));  X Delete the lines from the errobar plot 

end 

X Valve Caps 

X Create a cell array with two rows: One for the polynomial coeficients and one 

X for the regression correlation structure 

VC.PolyCell = cell(4,nVCplt)i 

VC.PolyCell.wrong = cell(2,nVCplt); 

VCfithandl = zeros(nVCplt,l); 

VCebarhandl = zeros(2,nVCplt); X Error bars have 2 handles, one for the bars, and one for 

Xthe line 

VClabhdl = zeros(nVCplt,1); 

for il = linVCplt 

X Load the XY data 

A = VC.XYCell-C2.il}; 
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X Fit a curve to it 

X!!!!! MOTE Wa compute P u a function of X, and not th« other way around !!!!! 

X !!!! AND THEN WE PLOT THE IHVERSE !!!!! 

X Why  Because if F ■ kl*i ♦ k2*x-3, it DOES HOT MEAN THAT x ■ »1«F + »2»F-3 !!! 

CP,S] ■= polyfit(A(:,2),AC:,l).VCPolydeg)j  X Linear fit for this data 

XStore this data into the ne» call array 

VC.PolyCelUl.il} ■ P; 

VC.PolyCell{2,il} « S; 

X Also fit the inverse curve, but this is not so nice. 

[P,S] = polyfit(AC:,l),A(:,2),VCPolydog.err); 

XStore this data into the nev cell array 

VC.PolyCell.urongtl.il} ■ P; 
VC.PolyCell.irrong<2,il} ■ S; 

X Dotennino the x-liaits for this plot 

xnin « min(A(:,2)); 
xmai « iDax(A(.',2)); 

X Create an x-voctor with the appropriate number of points 

Xvect = linspaceCxmin.xmax.ncfitpts); 

X Create y -vector with the correct curve fit 

[Yvect,delta] « polyval(VC.PolyCell{l,il},Xvect,VC.PolyC6ll{2,il}); 

X Perform plot on the previous axes 

col.idx ■ ceil(((il/ncolors) - floor(il/ncolor»))»ncolora); 

axes(h22a); 

hold on; 

X Plot the fit on the axes 

VCfithandKil,1) « line(Yvect,Xvoct,'color',PColVect(col.idx,l),'linewidth'.FitLwidth) 

X Store PHPH and the domain 

P.hpr.x « VC.XYColl{l,il};  X Also extract the corresponding PHPR 
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VC_PolyCelU3.il} = P.hpr.x; 

VC_PolyCell{4,il} = [xmin xmaxl; 

%  Place text on the curves for each P2 (PHPR) 

ctextl = strcat(*P.2=',strcat(num2str(modfileP.HPR.S(il.l).'X4.0f'),'kPa')); 

VClabhdKil.l)  = curvelabel2(ctextl,h22a,xPde_linis,yvc_lims,curvefract,Yvect,Xvect); 

^******ltt^:t^}t^*it:tL:^t^t4iJtiitit* *************** ******* 

%  Create the error bar plot 

xemin = mln(A(:,l)); 

xemax = max(A(:,1)); 

Xv_err = linspaceCxemln,xemax,nerrbpts);  X Use inverse data for error bars 

CYv.err.Edelta] = polyval(VC_PolyCell_wrong{l,ii>.Xv_err.VC_PolyCell_wrong<2.il}); 

VCebarhandl(:,il) = errorbar(Xv_err,Yv_err,Edelta) 

set(VCebarhandlCl,il),'color',PColVect(col.idx,1),»linewidth \ FitLwidth); 

delete(VCebarhandl(2,ii)); %  Delete the lines from the errorbar plot 

*/^***************************************************************************************** 

X  Overplot the model over the measured data 

*^t^*^it^******^^**)tL!tL:tti^c^L:^ti^L*:^:tLifitt^*i^ifij^***m******************************************************** 

•/^^^^:^^^il,:tf:^t*^^Jlf^:tf^*:t.tf*it,^i^****^*^i^L,lL^*#**t************************************************** 

DEmodhandl = zeros(nmodfiles,!); 
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VCmodhaiidl s zaroa(nBod(llas,l); 

for il s l:iinodfileB 

X Ratriav* Data from tha call array: 

A « ModalCall<2,il}j 

X Raaaapla tha nodal data to raduca tha nunbar of pointa, or otharvisa 

X tha plota vill ba garbaga in BtW 

X gat the i-vactor; 

Xvecfop « A(:,2)j 

Yvaclfop • i(:,3); 

YvecSfop " i{:,4); 

xfopmiD ' ninCXvecf op); 

xf opnax • BaxCXvecf op) ; 

Xfoprad ■ (linspaeaCxfopmin.xfopmax.naodcorrpta)) '; 

Tfoplrad « intarpKXvacfop,Yvaclfop,Xfoprad,'aplina') ; 

YfopZrad « intarpKXvacfop,Yvec2fop,Xfoprad,'aplina') ; 

X Sat the DE axes 

axeaChlla); 

DEmodhandl(il,l) « lineCXfopred,Yfoplred,'color','k','llnestyle','-■,'linewidth' ,0.8. 

,'marker','p','markersiza■,5); 

axaa(h22a); 

VCmodhandKil,!) « line(Xfoprad,Yfop2rad,'color','k','linastyle','-','linewidth',0.8. 
,'Barker','p','markersiza',6); 

and 

X Next iteps; 

X 1. Do curve fits on the theoretical data, and get the appropriate polynomials 

X 2. Compute the small deflection stiffness matrices - EASYIM, because we already have 

X   the curve fits, where P - f(z) - just keep z small!! 

x»»«»»*»»»«««»»»«»..»»»»»...t»«»„»»»,,,,,»,„„„,,,„„,„„„„,„„^, 
X Perform curve fits on tha theoretical data from Dave's curves 
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X  Create a cell array with two rows: One for the polynomial coeficients and one 

X for the regression correlation structure 

DE_PolyCell_i«od = cell(4,n]iiodfiles); 

XDE_PolyCell_wrong_mod = cell(2,iimodfiles); 

VCPolyCelLBod = cell(4,ninodfiles); 

XVC_PolyCell.wrong.iiiod = cell(2,nmodf iles); 

for il = i:nmodfiles 

X Load the appropriate model data 

A = HodelCall{2,il}; 

XRemember:  A has the following colvimn structure: 

X PHAC  Pvaryl  zDE  zVc stress 

X Fit a cvirve to the Driv e element, and then the valve cap: 

X!!!!! NOTE We compute P as a function of X, and not the other way around !!!.'! 

X !!!! AND THEN WE PLOT THE INVERSE !!!!! 

X Why  Because if F = klM + k2*x-3, it DOES NOT MEAN THAT x = sl*F + s2*F-3 !!! 

[P.S] = polyfit(A(:,3),A(:,2),DEPolydeg);  X 

XStore this data into the new cell array 

DE_PolyCell.mod-Cl.il} = P; 

DE_PolyCell.mod{2,il> = S; 

X Now. we have to find the domain for this one 

xmin = min(A(:.3)); 

xmax = max(A(:,3)); 

X store PHPR and the domain 

P_hpr_x = modfileP_HPR_S(il,l);  X Also extract the corresponding PHPR 

DE.PolyCell.mod{3,il} = P_hpr_x; 

DE_PolyCell_mod-t4,il} = [xmin xmaxl; 

*^if*:^**#i^*#*###*#***^#*#^c^i^if ************************************* 

X*************************************************************** 
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t llso fit tha valva: 

[P.S]  - polyfit(A(:,4),i(:,2),VCPolyd«g)i     X Linear fit for thi. data 

XStor* thii data into the nau cell array 

VC.PolyCall.«od<l,il} • P; 
VC.PolyCell.iiod{2,il} » S; 

X Hov, «e have to find tha domain for thit one 

xmin « Bin(A(:,4)); 
raai « Dax(A(:,4)); 

X*****************t**t*****ft**t***,tt**t*****t*t*tt******t*tt**tt 
X store PUPR and the domain 

P-hpr.x « modflleP.HPR.SCil.l);     X Also extract the corresponding PHPR 

VC.PolyCell.aod-C3,il} « P.hpr.x; 
VC.PolyCall.«od{4,il} « [icain max]; 

X*********************ttt******t*tttm*t,f*ttt*tt»ftt*t»*t*t*** 

end 

X**********************t***t**t*tt*****t*ittt**ttttt**t*t****tf ******* 
X***********************t**************t***,t***,******tt,,„ttf„„f,^ 

X  Mow, we have all the fitted curvea of P(z). 

X**********************************t**************tt*****************t* 

X*******************t************************t*t*t****t***,t***t****t** 

X  Hote, we will now change the aigna to keep everything consistent 

x.«»»*».»»«»»».«««,«.„„,,»„„,„„„„„„„,,„^,,,,,,,,,^^^^^^^^^ 
X**t***********************t************************tttt0^f^^fft^,f^^, 

X  Lot us compute the pressures corrsponding to tha valva cap deflection specified 
X in the DSER INPUT section 

Pcoofs = VC.PolyCell{l,Exp.Kidxs(l,l)} 
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%  Compute the first drive element pressure 

PDEl = polyvaKPcoefs.zVCsdefl) 

%  Now determine the PHPH« based on the average between the PHPR 

%  taken for the measurement on the valve, and 

X  that of the measurement taken on the drive element. 

PHPRl = (DE_XYCell{l,Exp_Kidxs(l.l)} + VC_XYCell{l,Exp_Kidxs(l.l)»/2 

t  also, detemine the zDE corresponding to this zVC 

Pcoefs = DE_PolyCell{l.Exp_Kidxs(l.l)} 

iC subtract PDEl from the constant term, to find the root. 

size.poly = size(Pcoefsj2); 

Pcoefs(l,size_poly) = Pcoefs(l,size_poly) - PDEl 

zDE_s = rootsCPcoefs) 

X Now we have to pick the correct root. 

zDEidx = input('Please type in the index of the correct zDE in the matrix above—') 

%  Now assign zDE 

zDEsdefl = zDE_s(zDEidx,l); 

%  Second Experimental pressure condition 

Pcoefs = VC_PolyCell-Cl.Exp_Kidxs(2,l)} 

X Compute the first drive element pressure 

PDE2 = polyval(Pcoefs,zVCsdef2) 

%  Kow determine the PHPR. based on the average between the PHPR 

%  taken for the measurement on the valve, and 

%  that of the measurement taken on the drive element. 

PHPR2 == (DE_XyCell<l.Exp_Kidxs(2.1)} + VC_XYCell{l.Exp_Kidxs(2,l)})/2 

%  also, detemine the zDE corresponding to this zVC 

Pcoefs = DE_PolyCell{l.Exp_Kidxs(2,l)> 

X subtract PDEl from the constant term, to find the root. 

size_poly = size(Pcoefs,2) 

Pcoefs(l,size_poly) = Pcoofs(l,size_poly) - PDE2 
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zDE.i » roottCPcoefs) 

X How va havs to pick th« eorroct root. 

zDEidi « Input ('Pleas* type in th« index of the correct 2DE in the matrix above...') 

X Rov aatign zDE 

zDEadefZ ■ 2DE.«(zDEidx,l); 

X  iasign the natrices to solve for BOTH Stiffness IND COMPLIANCE 

Press_EXP • [PDEl 

PHPRl 

PDE2 

PHPR2]; 

Defls.EXP = [zDEadofl zVCsdefl 0 0 

0 0 zOEsdefl zVCsdefl 

zI>Esdef2 zVCsdefZ 0 0 

0 0 zOEsdef2 zVCsdaf2]; 

Dvect.EXP ■ [zDEsdofl 
zVCsdefl 

zDEsdef2 

zVCsdef2]; 

Pmatx.EXP = [PDEl PHPRl 0 0 

0 0 PDEl PHPRl 

PDE2 PHPR2 0 0 

0 0 PDE2 PHPR2]j 

im%%%%%xxmxmm%xxnim%vmmvammnmnmmn'm 

Betas.EXP - inv(Defls.EXP)»Press.EXP 

Svect.EXP ■ inv(Pmatx_EXP)»Dvect.EXP 

•psilon.EXP ■ (zDE8defl-zDEsdsf2)/(zDEsdef2) 

delta.EXP = (zVC8defl-zVCadef2)/(zVCsdef2) 

•psilon2.EXP « (PDEl-PDE2)/PDEl 

delta2.EXP = (PHPR1-PHPR2)/PHPR1 

X****************************tt**t*********fttt**»**t****tt*tt******t* 

X  DO THE SAME FOR THE THEORETICAL DATA 
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PcoeXs = VC_PolyCell.iiiod{l,Theo_Kidxs(l,l)} 

X  Compute the first drive element pressure 

PDEl = polyvaKPcoefs.zVCsdefl) 

X Now determine the PHPR, from user input 

PHPRl = BodfileP.HPR.S(Theo.Kidits(l,l),l) 

X also, detemine the zDE corresponding to this zVC 

Fcoefs = DE.PolyCell_mod{i,Theo.Kidxs(i,l)}j 

'i  subtract FDEl from the constant term, to find the root. 

size.poly = size(Pcoefs,2); 

Pcoefsd.size.poly)  = Pcoefs(l,size_poly)  - PDEl; 

zDE_s = roots(Fcoefs) 

%  Now we have to pick the correct root. 

zDEidx = inputCPlease type in the index of the correct zDE in the matrix above...') 

*/,  Hov assign zDE 

zDEsdefl = zDE_s(zDEidx,l); 

% Second THEORETICAL pressure condition 

Pcoefs = VC.PolyCell_mod{l,Theo.Kidxs(2.1)> 

X  Compute the first drive element pressure 

PDE2 = polyval(Pcoefs,zVCsdef2) 

PHPR2 = modfileP.HPR.S(Theo.Kidxs(2,l),l) 

X  also, detemine the zDE corresponding to this zVC 

Pcoefs = DE.PolyCell_mod{l,Theo.Kidxs(2,l)}; 

X  subtract PDEl from the constant term, to find the root. 

size.poly = size(Pcoefs,2); 

Pcoefs(l,size_poly) = Pcoefs(l,size_poly) - PDE2; 
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zDE.i « roati(Fcoafa) 

%  Ho» va hava to pick the corract root. 

zDEidx « inputCPlaaaa typa in the index of the correct zDE in the matrix above...') 

X Nou assign zOE 

zDEsdefZ " zDE.s(zDEidx,l); 

mxxmxnm%nnmxxxxxmxxnvm%x%muxnnmm%mvan 
I  Assign the aatricas to solve for BOTH Stiffness AND COMPLIANCE 

Press.THEO = [PDEl 

PHPRl 

PDE2 

PHPR2]; 

Defls.THEO « [zOEsdefl zVCadefl 0 0 

0 0 zDEsdefl zVCsdefl 

2DEsdaf2 zVCsdef2 0 0 

0 0 zDEsdef2 zVCadef2]; 

Dvect.THEO « [zDEsdefl 

zVCsdefl 

zOEsdef2 

zVCsdef2]; 

Paatx.THEO » [PDEl PHPRl 0 0 

0 0 PDEl PHPRl 

P0E2 PHPR2 0 0 

0 0 PDE2 PHPR2]; 

txxxxxxxxxxxxxxxxxxxxxxxxxxxxxvmxxxxxxxxxxxxxxxxxxxxxmxxxxxxx 

format short a 

Betas.THEO » inv(Defls.THEO)*Press_THEO 

Svect.THEO » inv(Pmatx.THEO)»Dvect_TKEO 

X Output the "delta indicators* for the terms that are different 

X in the matrices we are solving. 

X If they are < 0.5. ve are probably in trouble 

epsilon.THEO « (zDEadefl-zDEadef2)/(zDEsdef1) 

apsilon.EXP 

dalta.THEO « (zVCsdefl-zVCadef2)/(zVCsdef1) 

epsilonZ.THEO " (PDE1-PDE2)/PDE1 

delta2.THE0 = (PHPR1-PHPR2)/PHPRl 



D.2   Matlab code used for data analysis and computation      191 

delta.EXP 

ep3iloll2_EXP 
delta2.EXP 

Betas.EXP 
Svect.EXP 

BetaME =  [Betas_EXP(l,l)   Betas_EXP(2,l) 
Betas.EXPO.l)    Betas _EXP(4,1)] 

SmatxME = [Svect.EXPCl.D  Svect_EXP(2,l) 
Svect.EXP(3,l)    Svect.EXP(4,l)] 

BetaMT =  [Betas.THEOCl.l)   Beta3.THE0(2,l) 
Betas_THE0(3,l)     Betas.THE0(4,l)] 

SmatJtMT =   [Svoct_THEO(l,l)   Svect_THEQ(2,l) 
Svect.THE0(3,l)     Svect.THE0(4.1)] 

format short 

XX NEXT STEP - plot the chosen points on the graphs!!!! 

X Drive element piston 

axes(hlla); 

DEsEXPptshand = line([Press_EXP(l,l) Press_EXP(3,l)].... 

tDefls_EXP(l,l) Defls.EXP(3,l)]."color','r','linestyle','none','marker','*',.. 

'HarkerSize',12)i 

DEsTHPptshand = line([Press_THEO(l,l) Press.THE0{3,l)],... 

CDefIs.THEOCl,!) Defls.THE0(3,l)],'color','k','linestyle','none','marker','x', 

•MarkorSize',12); 

XValve Piston!!!! 

axes(h22a); 

VCsEXPptshand = line(tPres3_EXP(1,1) Press_EXP(3,l)],... 

[Defls.EXPCl.2) Defls_EXP(3,2)],'color','r','linestyle','none','marker','*',.. 

'MarkerSi2e',12); 

VCsTHPptshand = line([Pres3_THE0(l,l) Press_THE0(3,l)],... 

[DefIs.THEOCl,2) Defls.THE0(3,2)],'color','k','linestyle','none','marker','x', 

■MarkerSiza',12); 
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X************************t****t***t****t*t*****t********t»*»***t***t***tt***t**tt**t*tt** 
l*******f ************* f***f*t**t******ttt**t*t*t*t****tt»***t*t****tt***tt**ttt*tt**,t 

%  itt«Bpt at Baking 3d plots of the following: 

%  1: Exparinantal data 
X 2: Modal data 

X 3: Experimental atiffness plane 
X 4: Theoretical atiffness plane 

%*********************************t*****tt*****************t*********ttt*************,*t**** 
X**********************************************tnt**************tttttt************t****»***** 

X*********************************************t**tt*********t****tttt*************tttttt**** 

X****************************************t*****t*ttt*************t************,t*********t**** 
X*******************************************,*ttt*t*************t**********tt*********,* 

X nonlinear plots first - they look cooler 

X We will use the folloving variables; 

X VC.PolyCell.mod 

X VC.PolyCell 

X DE.PolyCell.Bod 

X DE.PolyCell 

X All of the above have the folloving structure: 

X Rout: Polynomial Coefs for polyeval function 

X Row2: In S-structure for error estimation 

X RowS: The corresponding PHPR at which the fit was done 

X Row4: The min and xmax values over which the curve fit 

Xis valid. THIS IS MB, because we hardcode invert the fens!!! 

[XMATX.YMATX.VCE.ZHATX] « hac3dinterpl(VC.PolyCell,nf cnpts,n3dpts,Ppismin,Ppismai,.. 
Phpmin.Phprmax); 

[XMATX.YMATX.VCT.ZMATX] = hac3dinterpl(VC.PolyCell.mod,nfcnpt«,n3dpts.Ppiamin,... 
Ppismax, Phptnin, Phpmax); 

[XMATX,Y«ATX,DEE.ZMATX] « hac3dinterpl(0E.PolyColl,nf cnpts,n3dpt8,Ppismin.... 
Ppismax, Phprmin, Phprmax) ; 

[XMATX.YHATX.DET.ZMATX] ■ hac3dinterpl(DE.PolyCell.mod,nfcnpts,n3dpts,Ppismin,... 
Ppismax,Phprmin,Phprmax); 
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VCDESDlhandl = figure('color','v','position',ClOO 180 900 450]); 

hold on; 

VC3Daxeshl = subplot(1,2,1); 

set(VC3Daxeshl,'linewidth',2,'box','on'); 

VCSdmeshhl = surf ace(XHATX,YMATX,VCT_ZMATX, 'f acecolor', 'none', 'edgecolor', 

[0.6 0.6 0.6],'linewidth'.0.8) 

VC3dmeslili2 = surface(XMATX,YMATX,VCE.ZMATX, 'facecolor', 'none', 'edgecolor', 

CO 0 0],'lineHidth',l) 

X  Set viev before resize 

view(-37.6,30); 

%  Set position after the plot is complete 

set(VC3Daxe3hl,'units','pixels','position',[60 60 340 310]); 

xlabel(xPde_labl3D); 

ylabel(yPhpr.labl3D); 

zlabel(zvc_labl); 

title({'Small piston deflection:'; 'Theoretical vs. Experimental'}) 

legend ('Model', 'Experiment') 

DE3Daxeshl = subplot(1.2,2); 

set(DE3Daxeslil,'linewidth',2,'box','on') ; 

DE3dmeshhl = surface(XMATX,YMATX,DET.ZMATX, 'facecolor', 'none', 'edgecolor', 

[0.6 0.6 0.6],'linewidth',0.8) 

DE3dmeshh2 = surfaceCXMATX,YMATX,DEE.ZMATX, 'facecolor', 'none', 'edgecolor', 

[0 0 0],'linewidth',1) 

X Set view before resize 

view(-37.5,30); 

X Set position after the plot is complete 

set(DE3Daxe3hl,'units','pixels','position',[490 60 340 310]); 

xlabel(xPde.labl3D); 

ylabel(yPhpr.labl3D); 

zlabel(zde_labl); 

title({'Large piston deflection:'; 'Theoretical vs. Experimental'}) 

legend('Model','Experiment') 
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X  Mow ve compute xyz data for th« linoar functions, the itiffnese estimatea 

X We have the following two aatrlces to use: 

XSmatxME - experimental "compliance" 

XSmatxKT - theoretical "compliance" 

X C zDE ]  -  [sll  112] tPPIS] 

X t zVC 3      C»21  «22] CPHPR] 

X***************************»*»**t****t**t**t**t***t**t********»i,i,*t*tttttt*t****»i, 

X This la very eaay, because ve have XMATX and YMATX: 

DESE.ZMATX » zeros(nSdpta); 

DEST.ZHATX ■ zeros(nSdpts); 
VCSE.ZMATX = zeros(u3dpts); 

VCST.ZMATX = zeros(nSdpta); 

for 11 ■ l:n3dpts Xz-lndez, or the PDE Index 

for 12 » l:n3dpta  X y-index or the PHPR index 

Pminivect « [XHATX(il,12) 

YMATX(il,i2)]; 

DESE.ZMATX(11,12) - SmatxHE(l,:)»Pminivectj 

DEST.ZMATX(il,i2) « SmatxHTd, :)»Pminlvect; 

VCSE.ZMATX(il,12) = SmatxME(2, O'Pmlnivect; 

VCST.ZHATX(11,12) ■ SmatxMTC2, :)»Pminlyecti 

end 

end 

VCDE3D2handl « figure('color','w','position*,[100 180 900 450]); 

VC3Daxesh2 » «ubplot(l,2,l) 

»et(VC3Daxesh2,'linewldth',2,'box','on'); 

VC3dmeshh21 » surfaceClHATX,YMATX,VCST.ZMATX.'facecolor','none','edgecolor','b') 

VC3dmeshh22 = surfaceCXMATX,YMATX,VCSE.ZMATX,'facecolor'.'none','edgecolor','k') 
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% Set view before resize 

view(-37.6,30); 

%  Set position after the plot is complete 

set(VC3Da5tesh2,'units','pixels','position', £60 60 340 3103); 

ilabel(xPde_labl3D); 

ylabel(yPhpr_labl3D)j 

zlabel(zvc_labl); 

title({'Small piston linear stiffness:'; 'Theoretical vs. Experimental'}) 

legend('Model','Experiment *) 

DE3Daxesh2 =  subplot(l,2,2) 

set(DE3Daxesh2,'linewidth',2,'box','on'); 

DE3dmeshh21 = surface(XHATX,YMATX,DEST_ZMATX, 'f acecolor', 'none', 'edgecolor', 'b') 

DE3diiieshh22 = surf aceCXMATI.YMATX.DESE.ZMATX, 'f acecolor', 'none', 'edgecolor', 'k') 

%  Set viev before resize 

vieH(-37.5,30); 

IC Set position after the plot is complete 

set(DE3Daxesh2.'units','pixels','position',[490 60 340 310]); 

xlabel(xPde_labl3D); 

ylabel(yPhpr_labl3D); 

zlabel(zde_labl); 

titlo({'Large piston linear stiffness:'; 'Theoretical vs. Experimental'}) 

legendC'Model','Experiment') 

X*******************************#**************************************************** 

X** ******************************************************************************** 

'i  Overplot the two experimental linear stiffness meshes with their corresponding 

Nonlinear buddies. 

VC3D3handl = figureCcolor','u','position',[100 180 900 450]); 

VC3Daxesh3 - subplot(1,2,1) 

set(VC3Daxe3h3,'linouidth',2,'box','on'); 
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VC3dae.hh31 - «urf ac.CXMATX.YHATX,VCE.ZHATX. -facecolor', 'none', 'edgecolor', 'b') 

VC3d«««hh32 « •urface(XMATX,YMATX,VCSE.ZMATX,'facecolor'.'nono'.■•dg«color'.'r') 

X Sat viev bafors resiza 
viaB(-37.B,30); 
X Sat position aftar tha plot is complata 

»at{VC3Daiaah3,'units','pixala','position',[60 60 340 310]); 

xlabal(xPda.labl3D); 

ylabal(yPhpr.labl3D); 

zlabal(zvc.labl); 

titla({'Small piston Comparison:'; 'Exparimental Nonlinaar vs. Linearised about z.{2} = 0'» 

legend(•Experiment','Linearization') 

DE3Daxesh3 ■ subplot(1,2,2) 

»et(DE3Daxe«h3,'lineuidth',2,'box','on'); 

DE3dBeshli31 - surfacaCXMATX,Y«ATX,DEE.ZMATX, 'f aceeolor', 'none', 'edgecolor', 'b') 

DE3daeshli32 - surf ace(XHATX,YMATX,DESE.ZHATX. 'lacecolor', 'none', 'edgecolor', 'r') 

X Set viev before resize 

vie«(-37.B,30); 

X Set position after tha plot is complete 

set(DE3Daxesh3,'units','pixels','position',[490 60 340 310]); 

ilabel(xPde.labl3D); 

ylabel(jrPhpr.labl3D); 

zlabel(zde.labl); 

titla«'Large piston Comparison:' ; 'Experimental Nonlinear vs. Linearised about z.{l} « 0'}) 

lagendC'Experiment','Linearization') 

X«»»»»»..».»»t.«»..,«»,„,»,»,,,„,„,,,,„,„„,,„„„„„„„,,,„„,„,,,,,j,^^j^^^^^^^^^^^^^ 

X Create line plots to shov the equivalence of the stiffness matrices 
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*l  Just overplot them over the original plots 

X  Both experimental and also theoretical 

DEeicpSHatH = zorosCnDEplt.l); 

VCeicpSHatH = zeros (nDEplt.l);, 

for il = l:nDEplt 

% Displacement vector 

zde_vect_fop = zeros(n3dpts,l); 

X We will use XMATX again - why not?! 

PHPRl = DE_PolyCell<3,il}; 

for i2 = l:n3dpts 

Pminivect = tXMATX(i2.1) 

PHPRl]; 

zde_vect_fop(i2,l) = SmatxMECl.:)*Pminivect; 

end 

axes(hlla); 
DEeipSHatH(il,l)  = line(XHATX(:,1).zde.vect.fop); 

2de_vect,fop = zeros(nSdpts,1); 

X We will use XMATX again - why not?! 

PHPRl = VC.PolyCelHS.il}; 

for i2 = l:n3dpts 

Pminivect  =  [XMATX(i2,l) 
PHPRl]; 

zde_vect_fop(i2,l)   = Smat]tME(2, :)*Pminivect; 
end 

aze3(h22a); 
VCexpSHatHCil.l) = lino(XMATX(:,1).zde.vect.fop)j 

%  Now the theoretical overplots: 

DEthSHatH = zeros(nDEplt.l); 

VCthSMatH = zeros(nDEplt.l); 
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for il • l:iiHodfil«a 

X Dlaplacaaant vector 

zde.vect.fop - zaroa(n3dpta,l); 

X Wa will uaa XHATX again - vhy not?! 

PHPRl " B0dfilaP.HPR.S(il,l); 

for 12 ■ l:n3dpta 
Pninivact « [XMATX(i2,l) 

PHPRl]; 

zd8.»aet.fop(i2,l) e SnatxHTCl, :)*Piiinivect; 

and 

axes(hlla); 

DEthSMatH(il,i) • llna(lCMATX(: ,1) .zde.vect.fop) ; 

zde.vect.fop " zeros(n3dpta,l); 

for 12 = l:n3dpts 

Pminlvect « CXMATX(i2,l) 
PHPRl]; 

zde.vect.fop(i2,l) « SnatxMT(2,:)»Pniinivect; 
end 

axes(h22a); 

VCthSMatHCil.l) . llne(XHATX(:,1).zde.vect.fop); 

end 

%***********»****** f**f**tttt**ttttttt***t*t**t**t***ftt**»**t******t**** 

X**»******f**********ft*****t»******t»***mt********ttttttttt**»**t*t****** 

X**********»************t****tt*t******t**t»*****t***tt***tt*t*t*»ttt**tf*t 

X*****»*******»***********ft*tttt*ttt***»*t*****tt*****ttt*ttt*****t**tf»** 

X***************************t**t*****tt*****tt*****tt***tt*******f********* 
X*****»*******************************************t****t**,**t,*********tttt 

X*****************************t****t****t****************,****t*****t****ftttt„ 

X***************************************************,,*****t****,****,tt***tt*** 

X"************************************************t****„*,,„t,„,ttt^tf„f^,, 

X***********************************t*********t*****,*,***,*****t*t^^tft******** 
XFimSHING TOOCHES : PLOT LIKETYPES, LIKEWIDTHS ETC ETC 
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y^t****************************************************************************** 

setCVCexpSMatH, 'linestyle','-', 'color', [0.5 0.6 0.5] , 'marker', 'none', 'markersize',. 

4, »linewidtli',0.5) 

setCDEexpSHatH,'linestyle','-','color',[0.6 0.6 0.6],'marker','none','markersize',. 

4,'linewidth',0.6) 

setCVCthSMatH,'linestyle','-'.'color',[0.6 0.5 0.6],'marker','p','markersize',4,... 

'lineuidth'.O.S) 

set (DEthSMatH,'linestyle','-'.'color', [0.5 0.5 0.5] ,'marker','p','markersize',4,... 

'linewidth',0.6) 

X  Set the axes limits, labels and line thicknesses: 

set(hlla, 'xlim',rf>de_lim3, 'ylim' ,yde.lims, 'linoHidth' ,2, 'fontsize' ,12) ; 

set(li22a, 'xlim'.xPde.lims,'ylim' ,yvc_lim3, 'linevidth' ,2, 'fontsize' ,12) ; 

axes(hlla) 

xlabel(iPde_labl) 

ylabel(zde.labl) 

XtitltiCLarge piston motion vs. Applied pressure'); 

% Add a legend to the fits 

iU)Elegondhandl = legend(DEfithandl,'P.2=0','P.2=92','P.2=298','P.2=500'.2); 

axes(h22a) 

xlabel(xPde.labl) 

ylabel(zvc.labl) 

XVClegendhandl = legendCVCf ithandl. 'P.2=0'. 'P.2=92'. ■P.2=298'. 'P.2=500' .2) ; 

setCDEfithandl.'color','k','linewidth',2); 

set(VCfithandl,"color','k','linewidth',2); 

set(DEebarhandl(l,:),'color','k','linewidth',2); 

set(VCebarhandld,:).'color','k'.'linewidth',2); 

setCDElabhdl,'fontsize',curvelegfntsiz); 

setCVClabhdl,'fontsize',curvelegfntsiz); 

set(DElinehandl,'linewidth',0.8,'color',[0.75 0.75 0.75]) 

setCVClinehandl,'linewidth',0.8,'color',[0.75 0.76 0.76]) 
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X Get the graphs right tor  the itage of plotting we're in: 

legendsZd « cell(2,2); 

■witch Plotstage 

case 1 

delete(DEmodhandl); 

delete(VCmodhandl); 

delete(DEexpSHatH); 

delete(VCexpSMatH); 

delete(DEthSMatH); 

delete (VCthSHatH); 

X Legend 

[legendB2d{i,l}.legonds2d{l,2}]  « legondChlla,[DElinehandl(l,l) DEfithandl(l,l)].. 

,'Data','Fit to Data',2); 

[legenda2d{2,l},legends2d{2,2H  = legend(h22a, CVClinehandKl.l) VCf ithandl(l,l)] .. 

,'Data','Fit to Data',2); 

case 2 

delete(DElinehandl}; 

deleteCVClinehandl); 

delete(DEebarhandl(1,:)); 

delate(VCebarhandl(l,:)); 

delete(DEexpSHatH); 

delete (VCexpSHatH): 

delete(DEthSMatH); 

delete(VCthSMatH); 

X Legend 

tlegends2d{l,l},legends2d{l,2}3  " legend(hlla,[DEfithandl(i,l) DEmodhandl(l,l)]... 

,'Fit to Data','Modal Prediction',2); 

[Iegends2d{2,l},legends2d{2,2}] » legend(h22a,[VCfith«ndl{l,l) VCmodhandKl,!)] ... 

,'Fit to Data','Model Prediction',2); 

case 3 

delete(DEebarhandl(1,:)); 

delete(VCebarhandld,:) ); 

delete(DElinehandl); 

delete(VClinehandl); 

X Legend 

[Iegends2d'(l,l},legend82d{l,2}]     - legend(hlla,... 
[DEfithandld.l)  DEmodhandl(1,1)  DEexpSMatH(l,l)  DEthSMatH(l,l)] ,... 

'Fit to Data','Modal Prediction','Slope of data at 0','Slope of Bodel at 0',2); 
[Iegends2d{2,l},legends2d{2,2}]   « legend(h22a,... 

CVCfithandKl.l)  VCmodhandKl,!)  VCoxpSHatH(l,l) VCthSHatHd,!)] ,... 
'Fit to Data','Model Prediction','Slope of data at 0','Slope of model at 0',2); 

end 

set(legend82d{l,2>(l,l),'fontsize',10); 
«et(legends2d{2,2}(l,l),'fontaize',10); 
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'^4-********************:*****************************************^ 

% Plot out the stifnesa matrices in a nice readable format: 

dispCsprintf('******************♦******♦****♦*****************♦*******')) 

dispCsprintf('*♦************♦***************♦****♦♦************♦******')) 

dispCsprintfC******* Output of the stiffness matrix solutions **#*♦**#»)) 

dispCsprintf(****♦***♦*************♦******♦********************♦*******)) 

dispCsprintf('**********♦**********************♦***♦*♦************♦***O) 
dispCsprintf('\n\nTheoretical inverse compressibility matrix, where:\n')) 

disp(aprintf('<Pl> = Cbll bl2] <zl>*)) 

disp(sprintf(»-CP2> = Cb21 b22] {z2>\n\nO) 

disp(sprintf('Units are inkPa/um:0) 

disp(sprintf('{Pl> = DI11.3e Xll.3e] {zi>*.BetaMT(l,l).BetaMT(1.2))) 

disp(sprintf('{P2} = [%11.36 Ul-Se] {z2>',BetaMT(2.1).BetaMT(2,2))) 

dispCsprintf('\n\nExperimental inverse compressibility matrix in kPa/um:\n*)) 

disp(sprintf('<Pl> = ail.3e Xll-3e3 {zl}',BetaME(l.l).BetaME(l,2))) 

di3p(sprintf('{P2> = ail.3e Xll-Se] •Cz2>'.BetaME(2,l),BetaME(2.2))) 

dispCsprintf('\n\nRatio of the elements of the matrices:\n')) 

Betaratio = BetaMT./BetaME; 
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disp (sprint* C'Re. If    X6.1f]'.B^taratioCl,!) ,B«tar«tio(l,2))) 
<li«p(»prln«('tt6.1f    X6.1f] •.B«taratio(2,l),B«t«ratio(2,2))) 

X Also aubstract the masurad itiffnsasas from the theo and exp data 

BetaTildeTHEO » BetaMT - psilpai2T; 
BetaTildeEXP ■ BetaHE - p«ilpai2E; 

diip(sprintf('\n\nD-Tilde,   THEORETICAL in kPa/uB:\n')) 

dispdprintfCail.Se    XlLSe^ • .BetaTildeTHE0(l,l),BotaTildeTHEDCl,2))) 
diap(sprintf('Kll.3e    XU.3e] ■ ,BetaTildeTHE0(2,l),BotaTildeTHE0(2,2))) 

di«p(sprintf('\n\nD-THde,   EJCPERIHEHTAL in kPa/im:\n')) 

diap{sprintfC'Kll.3e    Xll.Se]',BetaTildeEXP(l.l),BetaTildeEXP(l,2))) 

disp(sprintf('Kll.3e    Xll.3e]',BetaTildeEXP(2.1) ,BetaTildeEXP(2,2))) 

di«p(aprintf('\n\nIlatio of the elementa of the D-Tilda Batricea:\n')) 

DTilderatio « BetaTildeTHEO./BetaTildeEXP; 

dispCaprintfC'Ke.lf    X6. If] •,DTilderatio(l,l),DTilderatio(l,2))) 
diap(aprintf('K6.1f    X6.1f] • ,DTilderatio(2.1) ,DTilderatio(2,2))) 

dispCaprintf ("«*»•»»*»»»»*»»»«•««•««.»*»»«..„«„„„„,„,„,,,,j,,„,jj 

disp(aprintf('\n\nTheoretieal  compressibility matrix.  uhere:\n')) 
disp(8printfC<il} = Cbll    bl2]  {Pl>')) 
disp(sprintf('{z2} ■  Cb21    b22]  <P2}\n\n')) 

dispCsprintfC'Units  are in kPa/um:')) 

disp(aprintfC{zl} .  Rll.3e    Xll.3e]  {PI}',SmatxMT(l.l),SmatxMT(l,2))) 
disp(sprintf('{22} -  [X11.3e    Xll.3e]  {P2}',SmatxMT(2,l),SmatxMT(2,2))) 

diap(sprintf('\n\nExperi«ental Compressibility matrix in kPa/um:\n')) 

disp(sprintf('{zl} -  tX11.3e    Xll.3e]  <P1}',SmatxHE(l,l),SmatxME(l,2))) 
diap(8printf('{z2} .  [Xll.3e    Xll.3e]  {P2}',SmatxME(2,l),SmatxHE(2,2))) 

diapC8printf('\n\nllatio of the elements of the matricesAn')) 

Sratio • SmatxMT./SmatxME; 

disp(sprintfC[X6.1f    X6.1f] •,Sratio(l,l),Sratio(l,2))) 
disp(sprintf('[X6.1f    X6.1f]',Sratio(2,l),Sratio(2,2))) 

dispCsprintf ('»••*»•••»»»»«»••»»»*»«»»»...»»««„»««,«,,„,»„,,„,„,,,jj 

dispCaprintf ('•••»»••«•»»»••«»«».«»«««»»»»„«,,«,„„»,,,,„,,„,,,„,,jj 
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X*****««****«******************«*«******«*********************************** 
^**«***«****«****«**>^*********************************««******************** 
•(*«***«* COMPOTING AMPLIFICATION RATIOS ***♦*******♦***#*# 

^4[**4c****«*«**«************************************************************* 

%***««*«**********t4***«*«)tt**«*****ti|<*****************«**«****************** 

^9tt ************************************************************************** 

)^***********«****«*#***>|<*+******'*«******«**«*************************«****** 

^««****«**4;*«*««*****4«)|E«*«**«********************************************** 

^*i^*;^***«**)|c«***«*********************************************************** 

^«******«****«*«*)|C«**************«******* *********************************** 

^*««*********4:********«««**#*«***************«******««********************** 

%  This vi11 make for a cool 3D plot sometime. 

% This subprogram will compute the amplification ratios 

%  based on fitted theoretical and fitted experimental data 

%  by differentiating the polynomials and looking at the relative change in AR 

hAR = figure('color*,'w*); 

hARa = axesC'box*,*on'); 

ARexphandl -  zeros(nDEplt,l); 

ARmodhandl = zeros(nmodfiles^l); 

ARexplabhdl = zeros(nDEplt,!); 

ARmodlabhdl = zeros(&modfiles»l); 

curvefractAR = CO.2 

0.4 

0.6 

0.8]; 

%  First, we look at the experimental data: 

for il = IrnDEplt 

Al = DE_PolyCell{l,il>; X  Extract the Drive element polynomial 

A2 = VC_PolyCell{l,il}; %  Extract the Valve cap polynomial 

PHPRfop = modfileP.HPR_S(il,l); %  extract the extimated PHPR 

5t compute the derivatives of the polynomials 
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dAl ■ p«lyd«r(Al);  X dPl/dzl 

dA2 « po:yder(A2);  X dP2/(l22 

X Find values for thasa 

X «t tha appropriata valuas for zl,z2 

zllima " DE.PolyC«ll{4.11}; 

z21iiM ■ VC.PolyCallt4,il}; 

zlveet » (liMpaca(zllima(l,l),zllii.a(l,2),ncfitpt«))'; 

z2vect - (Iiii»pace(z21inis(l,l),z21iaa(l,2),ncfitpt8))'; 

X ilao craata a ragularly apacad PI vector, because ua will Interpolate 

X So that ue can eventually compare apples with apples 

Plreg ■ (linspace(Ppismin,Ppismax,ncfitpts))'; 

X llou, ve evaluate tha derivative of the function at each value of z 

X ALSO evaluate the function ITSELF at each value of z 

Pl-*zl.irreg • polyvaKAl,zlveet); 

Pl-Bz2_irreg - polyval(A2,z2veet); 

XdPldzl.dfzl ■ polyvaKdAl,zlveet); 

XdPldz2_dfz2 ■ polyval(dA2,z2vect); 

X Interpolate to have irregular z vectors for each PI vector 

zlirregPl « intarpKPl.fzl.irrag,zlveet,Plrag,'spline'); 

z2irragPl » intarpl(Pl.gz2.irreg,z2vect,Plreg,'spline'); 

X How, each of the irregular z's has a little friend in Plreg 

X For each IRREGULAR z we can compute tha corresponding dP/dz 

dPldzl.dfzl » polyvaKdAl.ZlirregPl);  X How we have the derivatives 

dPldz2.dgz2 ■ polyval(dA2,z2irregPl); 

X Each of the two functions above aloa has a matching value in Plreg 

X The amplification ratio is dz2/d2l •^•=  (dPl/dzl)/(dPl/dz2) - check it 

AR.Plreg - dPldzl_dfzl./dPldz2.dgz2; 

X Plot the amplification ratio on the graph 

axes (hARa); 

ARexphandKil.l)  » line(Plreg,AR.Plreg); 
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% Place a legend for PHPR on the plot 

ctextl = strcat('P_2='.strcat(num2str(modfileP_HPR_S(il,l).*X4.0fO.'kPaO); 

ARexplabhdl(il.l) = curTelabel2(ctextl,hARa,CO 500],[0 22], 

curvefractARCil,1),Plreg,AR_Plreg); 

end 

iCNov, the model: 

for il = l:nmodfiles 

Al = DE_PolyCell_mod-Cl,il>; %  Extract the Drive element polynomial 

A2 •  VC_PolyCell_mod{l,il>; %  Extract the Valve cap polynomial 

PHPRfop = modfileP_HPR_S(il,l); %  extract the extimated PHPR 

zllims = DE_PolyCell_mod<4,il}; 

221ims = VC_PolyCell_mod-C4,il}; 

%  compute the derivatives of the polynomials 

dAl = polyder(Al);  X dPl/dzl 

dA2 = polyder(A2); % dP2/dz2 

X Find values for these 

X at the appropriate values for zl,z2 

zlvect s= (linspace(zllims(l,l),zllim3(l,2),ncfitpts))'; 

z2vect = (Iinspace(z21ims(l,l),z21ims(l,2),ncfitpts))'; 

X Also create a regularly spaced PI vector, because ve vill interpolate 

X So that ve can eventually compare apples with apples 

Plreg = linspace(Ppismin,Ppismax,ncfitpts); 

X Nov. ve evaluate the derivative of the function at each value of z 

X ALSO evaluate the function ITSELF at each value of z 
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Pl.fzl.irreg • polyval(Al,zlv«ct); 

Pl-gz2.irr«g « poly»al(*2,z2v«ct); 

XdPldzl.dfzl « polyval((Ul,zlv«ct); 

XdPldz2.dfz2 • poljrv«l(dA2,z2vect); 

X Intarpolats to hava irregular z vectora for each PI vector 

zlirragPl » lnterpl(Pl.fzl.lrrag,zlvact,Plr«g,'ipllna'); 

zZirragPl ■ interpl(Pl.gz2.1rrag,z2vect,Plrag,'ipline'); 

X HOB, aach of the irregular z'i has a little friend in Plreg 

X For each IRREGULAR z Be can compute the corresponding dP/dz 

dPldzl.dfzl ■ polyval(dil,zlirregPl);  X Now ue have the derivatives 

dPldz2.dgz2 « poljrval(d*2,z2irregPl)j 

X Each of the two functions above aloa has a matching value in Plreg 

X The amplification ratio is dz2/dzl ===== (dPl/dzl)/(dPl/dz2) - check it 

AR.Plreg « dPldzl.dfzl./dPldz2.dgz2; 

X Plot the amplification ratio on the graph 

axes(hARa); 

ARmodhandl(ii,l) « lineCPlreg,AR.Plreg,'color",'k'); 

X Place a legend for PHPR on the plot 

ctextl " strcat('P_2=',strcat(nuin2str(modfileP.HPR.S(il,l),'X4.0f'),'kPa')); 

ARaodlabhdKil.l) « curvelabol2(ctextl,hARa, [0 BOO] , [0 22],... 

curvefractARCil,1),Plreg,AR.Plreg); 
X»*»»t*»«»«»»«,„.,««,,,,„,,„„„„„„,„„„,„ 

and 

X Make the plot pretty 

set(hARa,'linewidth',2,'fontaize',12,'xllm',tPpismin Ppismar],'ylim',[0 23]) 

xlabolC'P.l'); 

ylabelCAmplification Ratio (z.l/z.2)'); 

X Sat the colors of the plots 

set(ARexphandl,'color','k','linewidth",2); 

setCARaodhandl,'color',[0.6 0.5 0.6],'linewidth',1); 

set(Aflmodlabhdl,'fontsize',10,'color',[0.5 0.6 0.5]); 
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set(ARexplabhdl,'fontsize'.10,'color',[0 0 03); 

ClegendsARl,legendsAR2]   = legendChARa,CARexphandl( 1.1)  ARinodhaiidl(l,l)3 . 

'Experimental*,'Model Prediction*,3); 

set(legendsAR2(l.l).'fontsize',10); 

;(**♦♦*********###*********♦***«♦***♦**♦*#####♦**#**#♦***♦*♦**♦♦**♦♦♦**♦***** 

X******* COMPUTING AMPLIFICATION RATIOS *♦#*#*♦**###*♦♦*** 

end %  Postprocflag 
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Appendix E 

Masks 

This appendix contains a selection of masks from the set that was used to form the devices 

shown in Figure 2.2. It should give the reader an idea of what is involved in the creation 

of a multi-layered device with multiple silicon and glass layers. Figure E.l shows the glass 

patterns of the full MHT device. AU glass layers were ultrasonically machined. Prior to 

idtrasonic machining, wafer-scale align marks were patterned on the glass wafers using BOE. 

Care had to be taken during the exposure step, because the substrates were transparent. 
The ultrasonic machining was then done to the align marks provided. Figure E.2 shows 

different patterns for Layer 3, to be able to accommodate piezoelectric elements of various 
sizes. It also shows the pattern that was used for the static, pressure operated hydrauUc 

ampUfier (L3 Big Hole). 

The masks for the large piston (Layers 4 and 5) are shown in Figures E.3 and E.4. Note the 

nearly identical process for the two layers. The main difference Ues in the venting channels 

in Layer 5, and the venting holes in Layer 4. 

Figure E.5 shows the mask flow for Layer 7, the layer containing the small pistons. In this 
figure, a mask set for a device with a single small piston is shown. Ten small pistons were 

created using the same mask flow, but with different geometries. 

In Figure E.6 the masks for Layer 8 are shown, along with a mask set for an hydraulic 

amplifier with two small pistons (which was not tested). Note, especially in this figure, 

the use of so-called "halo" masks to etch through-wafer features. Halo masks are often 

used for performing uniform DRIE etching when features of various sizes are present on the 

wafer. Keeping the trench width constant for all through-wafer features helps to maintain 

a constant etch rate. 

Figure E.7 is the wafer scale process flow associated with Figure E.5. Note the steps for 
creating features such as align marks and cutting lines for the dicing operation. 
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A plan view for all the layers of the full MHT device is shown in Figure E.8. This figure is 
an overlay of all the masks needed to fabricate the device. 
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Figure E.l: The glass layers of the full ten valve MHT device. 
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Figure E.2: Different configurations for Layer 3. L3-3 is the standard Layer 3, L3-4 is for 
accommodating a single large piezoelectric element, L3-5 has additional holes for optical 
displacement measurement and L3 Big Hole was used for the static hydraulic amplifiers. 
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Figure E.3: Mask set for Layer 4. 
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Figure E.5: Mask set for Layer 7. This is the mask set for the device with one small piston. 
The ones with ten small pistons have the same mask flow, but a different geometry. 
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Figure E.6: Die-level mask set for Layer 8 of three types of hydraulic ampliBers: One, two 
and ten small pistons. Although dies with two small pistons were fabricated, as also shown 
in Figure E.7, none were tested in this work. 



217 

Courtesy of H.Q. Li 

Figure E.7: Wafer scale masks of Layer 7. The first mask is also used to define align marks, 
globally aligned to the wafer, as well as cutting lines for the dicing operation. 
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Nomenclat ur e 

PHPR high pressure reservoir pressure 

PLPR low pressure reservoir pressure 

Pch main chamber pressure 

^Pch main chamber pressure band 

Pint—in inlet valve intermediate pressure 

■tint—out outlet valve intermediate pressure 

Qin inlet valve flow rate 

Qout outlet valve flow rate 

VOin inlet valve opening 

VOout outlet valve opening 

Cs structural compliance of main chamber 

Ceff eflrective compliance of the main chamber 

Vo initial fluid volume of the main chamber 

Pf bulk modulus of working fluid 

E Young modulus of Silicon 

V Poissons ratio of silicon 

P density of working fluid 

Dch chamber diameter 

Dpis piston diameter 

Rvc valve cap radius 

Wt tether width 

Hch chamber height 



Dp 

Lp 

Hop 

tbot 

tpis 

Hetop 

ttebot 

^pis 

Xte 

Xb 

AFtp 

AVte 

Fte 

Fp 

s^ 

*33 

keff 

Vp 

Ip 

H 

h 

Qp 

f 

V 

w 

piezoelectric element diameter 

piezoelectric element length 

top support structure thickness 

bottom support structure thickness 

piston thickness 

top tether thickness 

bottom tether thickness 
\ 

piston deflection 

tether deflection 
1 

bottom support structure deflection 

volume swept by top support structure 

volume swept by deflection of piston 

volume swept by bending of piston 

volume swept by tether bending 

force between piston and tethers 

force on piezoelectric element 

piezoelectric constant 

open circuit compliance of piezoelectric element 

closed circuit compliance of piezoelectric element 

coupling coefficient of piezoelectric element 

eff^ective coupling factor 

voltage on piezoelectric element 

current through piezoelectric element 

battery voltage 

current through battery 

charge on piezoelectric element 

depolarization stress of piezoelectric element 

operation frequency 

system efficiency 

generated power 
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Chapter 1 

Introduction 

This chapter presents the configuration, operation and motivation of microhydraulic-piezoelectric 

power generators. Preliminary design considerations are discussed. The objective, scope and 

organization of the thesis are presented. 

1.1    Microhydraulic Piezoelectric Transducers 

Transducers are devices that convert physical energy from one form to another. Actuators 

and power generators are examples of transducer devices. The performance and usefulness 

of a transducer for most applications are highly dependent on two important characteristics: 

compactness and power density, that is, power output of the transducer per its unit volume. 

Conventional transducers, generally, not only tend to be heavy and bulky, but are also Umited 

in terms of power transduction capabilities because of their low bandwidths. For instance, 

conventional hydraulic systems possess high single-stroke work, but their power densities are 

greatly reduced by their large mass. Recent advances in active materials technology have 

led to the development of many compact solid-state transducers. However, the power output 

from these solid-state transducers is fairly limited for most macro applications. Although the 

single-stroke work output of solid-state materials such as piezoelectric materials is relatively 

small, such materials possess very high bandwidths, and as such, are capable of high power 

output. However, since most applications do not require high frequency actuation, the high 

bandwidth potential of piezoelectric materials is not fully utilized. Since a transducer's power 
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Figure 1-1: (a) Configuration of power generator (b) Configuration of actuator/ micopump. 
The actuator/micropump configuration can also be operated with check valves instead of active 
valves, which are necessary for power generator configuration. 

output is the product of its single stroke energy and its bandwidth, it is feasible to create high 

performance transducers by combining high single-stroke force of a hydraulic system and high 

frequency displacements of a piezoelectric element in a synergistic manner[l]. This concept 

can be further exploited to create high performance transducers with very high power densities 

by miniaturizing the transducer systems. The state-of-the-art micromachining (or MEMS) 

technology has the potential to allow for the implementation of this concept at the micro scale. 

Research and development of microfluidic devices has received a significant amount of inter- 

est in the past years. The feasibility of micromachining many of the key building blocks (flow 

channels, pumps, active/passive valves) of a micro-fluidic system including the integration of 

solid-state materials such as piezoelectric materials to actuate valves has already been demon- 

strated, and researchers are now striving to create complete microfluidic systems. However, the 

microfluidic devices developed thus far mostly feature small flow conductance, limited stroke, 

and low power density, and are mostly geared towards small flow/force applications such as 

microdosing of fluids.  An extensive literature review on microfluidic devices can be found in 
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[2]. 

A unique feature of piezoelectric microhydraulic transducers is their ability to operate as 

both an actuator and a power generator, by merely reversing the direction of their operation. As 

actuators, these transducers transform electrical energy input into mechanical/hydraulic energy 

output, and as power generators, the transducers transform mechanical/hydraulic energy input 

into electrical energy that can be stored in a battery or a capacitor. These high performance 

transducers can significantly enhance the scope of micromachined transducers technology by 

enabling many novel applications. When utilized as actuators, they are capable of extending 

the usefulness of active material based structural actuation beyond small strain appUcations [1]. 

These actuators can also be useful in miniature robotics. As power generators, the transducers 

can extract electrical energy from wasted mechanical energy sources such as vibrations of oper- 

ating machinery, heel strike of human gait, wind, sound and function as disposable batteries for 

numerous small electronic devices in both civilian and military appUcations. A literature survey 

about piezoelectric power generation will be presented in Chapter 2. Detailed information and 

comparisons of various transducers can be found in [2] where a feasibility analysis of Micro 

HydrauUc Transducers has been performed. 

1.2    Configuration and Operation 

The concept of piezoelectric micro-hydraulic transducer (MHT) is schematically illustrated in 

Figure 1-1 for actuator and power generator configurations. The transducers are comprised of 

the following generic components: the main chamber which houses a piezoelectrically driven 

tethered piston, two actively controlled valves, a low-pressure fluid reservoir (LPR), and a high- 

pressure fluid reservoir (HPR). The power generator conflguration requires rectification circuitry 

to rectify and store the voltage generated by the piezoelectric element. The two active valves, 

one operating between the HPR and the main chamber and the other one operating between 

the main chamber and the LPR regulate the fluid flow into and out of the main chamber. The 

piezoelectric element within the pump chamber serves as the main energy transducing element. 

A detailed drawing of the device is shown in Figure 1-2. 

When operating as an actuator/pump, the electrical signal applied to the piezoelectric 
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Figure 1-2: Device layout for power generator configuration. Top and bottom packaging pyrex 
layers not shown. 

element results in pressure fluctuations inside the main chamber. When operating as a power 

generator, pressure fluctuations within the main chamber are converted to an electrical signal, 

which is rectified and stored in a battery or capacitor. In the actuator configuration, the 

voltage applied to the piezoelectric element induces a strain in the element resulting in a net 

volume change in the pump chamber. A controller synchronized with the pump signal cycles the 

active valves out of phase with each other in a specified duty cycle, transforming the volume 

oscillations of the chamber into a net fluid flow from the low pressure reservoir to the high 

pressure reservoir. 

In the power generator configuration, the transducer operates in a maimer that is reverse 

of the actuator. The controller toggles the valves with a phasmg that allows fluid flow from the 

high pressure reservoir to the low pressure reservok, thus transforming the static fluid pressure 

into high frequency pulses on the piezoelectric element via the piston. Valve actuation at high 

frequency creates a near sinusoidal cyclic stress on the piezoelectric element, thereby generating 

electrical charge across the element. Coupled circuitry rectifies this electrical energy and stores 

it in a battery or capacitor. It should be noted that, for the actuator/micropump configuration, 

check valves can also be used, instead of active valves, which is demonstrated in [3]. However, 

for the power generator configuration, active valves are necessary in order to convert the static 

pressure differential into pressure fluctuations on the piston. Generic operation duty cycle of 

the power generator configuration is shown in Figure 1-3. 
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Figure 1-3: Generic operation duty cycle of the power generator. 

Active valves are comprised of a similar chamber/piston structure, called hydraulic ampli- 

fication chamber (HAG), which incorporates a fluid enclosed in the volume between the piston 

and the valve diaphragm, which effectively serves to amplify the small displacements of the 

piezoelectric material mto significantly larger displacements of the valve cap and effectively 

transmits the high force actuation capabihty of the piezoelectric material. As the piston in the 

active valve is displaced by the piezoelectric element, the pressure of the compressed fluid acts 

to deform the smaller area valve membrane located at the top of the chamber. Deflection of the 

rigid cap at the center of the valve membrane blocks fluid flow through the corresponding fluid 

orifice. The utilization of the hydrauhc amplification chamber also leads to minimization of the 

actuator material, and thus helps in achieving high power densities. The ability to microma- 

chine the device provides the scope to further miniaturize the system to micro scales, leading 

to higher valve frequencies and therefore enhanced device power densities. 

As shown in Figure 1-2, in each chamber, namely inlet HAG, main chamber (energy har- 

vesting chamber) and outlet HAG, a piezoelectric element is sandwiched between the device 
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structure and a moveable piston plate. The piston plate is sufficiently thick for rigidity and 

is tethered to the chamber wall through thm flexible diaphragms that extend radially from 

the outer edges of the cylinder. The structure effectively constitutes a piston that can move 

vertically up and down when a net force is applied to it. 

The prototype MHT device consists of a 9-layer stack of pyrex and sihcon micromachined 

layers, as shown in Figure 1-2 and Figure 1-4. Sealing of the piston in the main chamber 

is provided by annular tethers which are created through Deep Reactive Ion Etching (DRIE) 

of a SOI wafer. The tether thickness ("lO/zm) is defined by the SOI device layer, and the 

buried oxide acts as an etch stop. All glass layers are patterned by conventional diamond 

core drilling. Piezoelectric cyUnders are core drilled from piezoelectric substrate plates, onto 

which a Ti-Pt-AuSn-Au multilayer film is sputter-deposited for eutectic bonding. The device 

assembly is accomplished through anodic bonding of the glass layers to the siHcon layers at 

300°C, a process which also enables the AuSn eutectic alloy to melt. Upon cooling, the alloy 

solidifies, bonding the piezoelectric cylinders to the silicon layers. Detailed information about 

the fabrication techniques developed for piezoelectric micro-hydrauUc transducers can be foimd 

in[3], [6], and [7]. 

1.3    Preliminary Design Considerations 

The proposed MHT devices derive their enhanced performance from several inherent design 

features. For efficient device operation, the compliances within the system, which result from 

the deformations of the structural members like piston, tether and support structures, and com- 

pression of the working fluid within the chambers should be minimum. This implies that the 

chambers should have small volumes and the structural members should be as thick as possible. 

This introduces trade-oSs between fabrication Hmitations and design requirements. The type 

of piezoelectric element also affects system efficiency smce the coupling coefficient of the ele- 

ment determines the electromechanical energy conversion work-cycle. For the power generator 

configuration the rectifier circuit topology is another factor affecting system efficiency, since 

it determines the electromechanical energy conversion work-cycle along with the piezoelectric 

material. 
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(c) 

Figure 1-4: (a) 5-layer device for subcomponent testing (b) Complete 9-layer device (c) SEM 
of micromachined tethered piston structure [7]. 

Design of the piston tether structure is very crucial for system operation. The tethers should 

be flexible enough to allow sufficient motion of the piston, yet stiff enough to avoid introduction 

of excessive compliance into the system. Similar design consideration is also valid for the valve 

membrane. Achieving high power density critically depends on valves having high bandwidth 

(frequencies in the tens of kilohertz), sufficient actuation force to overcome large pressures (~l-2 

MPa) and large stroke (~20-30/im). The valve membranes should be designed such that they 

are flexible enough to allow for large valve stroke and stiff enough to operate against high 

pressures and have high natural frequencies. Large stroke actuation of the valve cap generally 

results in nonlinear membrane behavior. 

Possible fluidic and structural osciUations within the system should be considered. For 

example the fluid channels and the main chamber constitute a resonating system similar to 

a Helmholtz resonator. Similarly, piezoelectric element and piston dynamics, which affect the 

bandwidth of the device, should also be considered. 

important design limitations are maximum allowable stress in the membranes and the de- 

polarization stress of the piezoelectric material. The stress in the tether structures shouldn't 

exceed iGPa [7]. Piezoelectric materials also differ in their depolarization stress, which deter- 

mines the energy density of the material. If during the operation, the stress on the piezoelectric 

element exceeds the depolarization stress, the element looses its functionality. 

The choice of working fluid is also important since different fluids have different bulk moduU, 
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Figure 1-5: Overall system architecture for the heel strike power generation configuration, 

densities and viscosities. 

1.4    Objective, Scope and Organization of the Thesis 

Since these devices are complex, comprehensive simulation tools are needed for effective de- 

sign. Operation of each subcomponent of the device is highly coupled and every design decision 

should be made with remaining components in mind. The simulation tool should allow for the 

monitoring of important parameters such as chamber pressure, flowrate, and various structural 

component deflections and stresses. A system level simulation tool is needed which should be 

developed by integration of different energy domains, namely fluids, structures, piezoelectric 

material and circuitry The challenges in modeling and simulation are: microscale fluid flow, 

incorporation of membrane behavior into dynamic simulation, prediction of structural compli- 

ances and incorporation of the elastic equations of the structural members into simulation. 

The MHT group at MIT Active Material and Structures Laboratory(AMSL) has obtained 

good experimental correlation for subcomponent models from tests on piezoelectrically driven 
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piston/tether structure, hydraulic amplification chamber structure and valve membrane [6], 

flow tests through macro disc valves [4], and micropumps [3]. 

This thesis focuses on the modeling and design of piezoelectric microhydraulic transducers 

used as power generators. The system architecture for a possible application, namely heel strike 

power generation configiuation is shown in Figure 1-5. The scope of the thesis is shown with 

the dashed line in the system architecture. The heel package design will not be discussed. Also 

design of the active valve structiure will not discussed, which is detailed in [5]. Orifice models 

developed in [4] are used for fluid flow through the valves. 

The objectives of this thesis are: 

- To develop a comprehensive system level model and simulation tool to analyze the main 

chamber and the associated fluid channels and valves, 

- To gain insight into system operation and understand the factors affecting the system 

performance, 

- Develop a design procedure, which should be complemented by the design of the active 

valves. 

The organization of the thesis is as follows: Chapter 2 presents an analysis of piezoelectric 

power generation based on Unear electromechanical energy conversion. Eff'ect of circuitry and 

piezoelectric material on energy density and efi'ective coupUng factor is discussed. Chapter 3 

presents a simple model of the energy harvesting chamber, simulations with the coupled circuitry 

and preliminary design considerations. The interaction of the main chamber and the circuitry is 

discussed. The circuits presented in Chapter 2 and different piezoelectric materials are compared 

in terms of flowrate and frequency requirements for a given pressure differential and power, and 

in terms of system eSiciency. Chapter 4 presents the detailed modelling of the energy harvesting 

chamber and investigates the contribution of different structural components on the effective 

compliance of the chamber. It also presents the simulation architecture used for integrating 

elastic equations into system level simulation. Chapter 5 discusses further design considerations 

for choosing chamber geometry with regard to operation conditions like maximum pressure, 

operation frequency and flowrate. Parameter studies are performed and a design procedure 

is developed. Chapter 6 summarizes important results and conclusions presented in previous 

chapters and presents recommendations for future work. 
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Chapter 2 

Piezoelectric Power Generation and 

Circuitry 

This chapter presents an analysis of piezoelectric power generation based on linear electrome- 

chanical energy conversion. Effect of circuitry and piezoelectric material on electromechanical 

energy conversion and energy density is discussed. 

2.1    Introduction 

Piezoelectric materials are mostly used as sensors and actuators. Since they are capable of 

electromechanical energy conversion and some have high coupling coefficients, which is an in- 

dication of the efficiency of the electromechanical energy conversion, they can be also used as 

power generators from ambient vibration or impact energy, and as structural vibration dampers. 

The idea and the governing principles are the same for power generation and structural vibra- 

tion damping, using piezoelectric elements and passive circuit elements. Damping of structural 

vibrations with passive electrical circuit elements is discussed in [15] and [14]. This method 

eliminates the need for viscoelastic materials or mechanical vibration absorbers attached to the 

structure, or complex amplifiers which are required by the piezoelectric materials for active 

structural control systems [15]. The coupUng between mechanical and electrical domains pro- 

vided by the piezoelectric effect allows the damping mechanism to be implemented as electrical 

circuit elements rather than physical masses, springs and dampers.   Most of the discussions 
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which are valid for the structural damping applications with piezoelectric elements are valid 

for the power generation from ambient vibration or unpact energy with piezoelectric elements. 

In both cases, the purpose is to transfer as much energy from the mechanical to the electrical 

domain. The transferred energy to the electrical domain can be either dissipated or stored. 

If a piezoelectric element is shunted with a resistor or with a resistor and inductor network, 

the converted electrical energy is basically dissipated. However, if the piezoelectric element is 

connected to a rectifier circuit, a diode bridge for example, with a capacitor or battery, the 

converted electrical energy can be stored. 

2.2    Previous Work 

Structural damping with piezoelectric elements shunted with a resistor and a resistor-inductor 

network is analyzed in [15]. In the resistive shuntmg the electromechanical energy conversion 

efficiency depends on the operation frequency, and the optimum frequency depends on the 

resistance value. In other words, optimum efficiency is obtained when the impedance of the 

piezoelectric element is equal to the impedance of the resistance. Shunting with a resistor 

and inductor introduces an electrical resonance, which can be optimally tuned to structural 

resonances for maximum vibration damping. 

Linear shunting components such as resistive elements or resistive-inductive-capacitive cir- 

cuits produce behavior analogous to that of viscoelastic damping materials and tuned proof- 

mass dampers. Nonlinear piezoelectric shunting for structural damping using a piezoelectric 

element attached to a diode bridge and a DC voltage is presented in [14]. The rectified DC shunt 

performs less well in terms of energy conversion efficiency compared with the resistive shunt at 

optimum frequency However, unlike the resistive shunt, the rectified DC shunt is independent 

of frequency and the transferred energy can be recovered depending on the implementation of 

the DC voltage source. 

Power generation characteristics of piezoelectric elements in response to impact loads are 

investigated in [9], [10] and [11]. In the first two, a ball is dropped from a certain height onto a 

piezoelectric plate vibrator. In the first one, the piezoelectric vibrator is shunted with a resistor 

and the efficiency of transformation from mechanical to electrical energy in terms of initial 
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height and shunted resistance value is investigated. The efficiency is defined as the ratio of the 

electrical energy dissipated in the resistor to the initial impact energy. The input mechanical 

impact energy effects the efficiency due to nonhnearity in the vibrator and as expected there 

is an optimum resistance value. They conclude that efficiency increases with decreasing input 

impact energy, increasing mechanical quality factor Qm, increasing electromechanical coupUng 

coefficient ^33 and decreasing dielectric loss tan 5. They obtain a maximum efficiency of 52%. 

The same authors of [9] investigate the power generation characteristics of the same sys- 

tem attached to a diode bridge and capacitor instead of a resistor in [10]. In this case the 

transformation efficiency is defined as the ratio of the impact energy to the energy stored in 

the capacitor. As the capacitance of the capacitor increases, the electric charge increases be- 

cause the duration of the oscillation becomes longer and the output voltage decreases. They 

conclude that there exists an optimum capacitance value in terms of transformation efficiency. 

They obtain a maximum efficiency of 35%. It should be noted that, if a force were imposed 

on a piezoelectric element, the voltage on the capacitor would always increase until half of the 

open circuit voltage which corresponds to the maximxmi stress on the piezoelectric element, 

regardless of the capacitance of the capacitor. The value of the capacitance would change the 

duration in which the maximum voltage is reached and the stored energy in the capacitor would 

be proportional to its capacitance, since the maximum voltage is constant for a given maximum 

stress. In the paper discussed above, the force on the piezoelectric element is not imposed, it 

is determined depending on the impedances of the vibrator and the capacitor. In this case, the 

impedance matching principle cannot be applied since the system is nonlinear because of the 

diode bridge. No power density figures are reported in [9] and [10]. 

Piezoelectric power generation from thermal energy is presented in [20]. This paper discusses 

an energy conversion system in which thermal energy is converted to high firequency, high voltage 

electric a.c energy. The conversion system is composed of a thermal-acoustic natural heat engine 

and a piezoelectric transduction system to convert the acoustic energy to electric energy. 

Another system to convert acoustic energy to electric energy is presented in [35]. The 

device is designed to convert waste acoustic energy, e.g. in automobile or airplane jet engines 

to electrical energy in a predetermined frequency range. The system consists of a piezoelectric 

bending element, means for mounting the piezoelectric bending element in an acoustic energy 
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path and a tuning means mounted on to the piezoelectric bending element to set the resonant 

frequency of oscillation of the piezoelectric bending element within the predetermined frequency 

range. 

The idea of piezoelectric power generation from the ocean waves is patented in [27]-[32] 

by Ocean Power Technologies, Inc. The motivation in these studies is to utilize the enormous 

amount of mechanical energy present in the oceans. [27] relates to the generation of electrical 

power from waves on the surface of bodies of water, and particularly to the conversion of the 

mechanical energy of such waves to electrical energy by means of piezoelectric materials. The 

system consists of piezoelectric elements in the form of one or a laminate of sheets, each sheet 

having an electrode on opposite surfaces thereof, a support means for maintaining the structure 

in a preselected position within and below the surface of the water. In certain embodiments, the 

elements are designed to enter into mechanical resonance in response to the passage of waves 

thereover, increasing the mechanical couphng efficiency between the waves and the elements. 

Similar approaches are presented in [28] and [30]. In [28], a float on a body of water is mechani- 

cally coupled to a piezoelectric material member for causmg alternate straining and de-straming 

of the member in response to the up and down movement of the member in response to passing 

waves, thereby causing the member to generate electric energy. The output impedance of the 

float is matched to the input impedance of the member for increasing the energy transfer from 

the float to the member. In [30], the system comprises a weighted member supported from a 

piezoelectric element for applying a preselected strain to the element. In one embodiment, the 

element is supported by a float floating on the surface of the water. In another embodiment, 

the element is supported above the surface of the water and the weighted member, of negative 

buoyancy, is immersed in the water. Means are provided for tuning the natural frequency of 

the system to cause it to enter into mechanical resonance in response to passing waves. Similar 

approaches are presented in [29], [31] and [32]. 

Some circuitry considerations for piezoelectric power generation are presented in [33] and 

[26]. [33] presents a DC bias scheme for unproved efficiency for apphcations including elec- 

trostrictive materials, which have very weak piezoelectric characteristics. However, if a DC 

bias is apphed, the piezoelectric characteristics can be significantly increased. [26] presents an 

alternative rectifier circuit, which includes an inductor, a SCR(silicon controlled rectifier) and 
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a voltage detection circuit in the conduction path between the piezoelectric element and the 

storage element, a capacitor for example. The object is to optimize the transfer of the energy 

produced by a piezoelectric transducer to a load. Another circuit designed for a wide variety 

of appUcations is presented in [36]. 

Piezoelectric power generation for electronic wristwatch applications is presented in [23]- 

[25]. [23] presents an electronic wristwatch having a piezoelectric generator in it. The generator 

converts energy from mechanical to electrical energy to drive the electronic wristwatch. The 

oscillation of a weight produces mechanical energy as it oscillates. A wheel train transmits 

the mechanical energy to the generator by applying a torque to the generator. The generated 

voltage is rectified with a diode bridge. Similar systems are presented in [24] and [25]. 

Piezoelectric power generation from wind energy is presented in [21] and [22]. The system 

presented in [22] consists of a piezoelectric transducer mounted on a resilient blade which in 

turn is mounted on an independently flexible support member. Fluid flow against the blade 

causes bending stresses in the piezoelectric polymer which produces electric power. 

Other piezoelectric power generation systems are presented in [34], [39], [38] and [37]. [34] 

presents a piezoelectric fluidic-electric generator which consists of a piezoelectric bending ele- 

ment, means for driving the piezoelectric bending element to oscillate with the energy of the 

fluid stream, and electrodes connected to the piezoelectric element to conduct current generated 

by the osciUatory motion of the piezoelectric element. [39] presents a system which consists of 

a piezoelectric array which is mounted on one or more tires of a motor vehicle. As the vehicle 

drives on the road, the tire is flexed during each revolution to distort the piezoelectric elements 

and generate electricity. 

Piezoelectric materials are also used in power electronics applications such as transformers. 

Piezoelectric transformers are composite resonators made of two bonded piezoelectric parts. 

The vibration of one part, excited by an input electric voltage, induces an output voltage 

across the other part [40]. In other words, a piezoelectric transformer works by using the direct 

and converse piezoelectric effects to acoustically transform power from one voltage and current 

level to another [44]. Detailed information about the operational characteristics of piezoelectric 

transformers can be found in [41] and [42]. 

Piezoelectric transformers have low-electric noise because they transmit power by mechan- 
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ical vibration. They can also operate efficiently at high frequencies, whereas conventional 

electromagnetic transformers are not efficient at high frequencies because of core loss and cop- 

per loss. Other advantages over the electromagnetic transformers can be stated as high voltage 

isolation between primary and secondary, high frequency operation leading to reduction in the 

filter capacitors and low weight and size [43]. Since piezoelectric transformers have much higher 

power densities than electromagnetic transducers, they are very promising as power electronic 

components for miniature and lightweight electrical equipment. 

Fundamental limits on energy transfer of piezoelectric transformers are discussed in [44]. 

The discussion details similar considerations to those of the piezoelectric power generation con- 

cept. One has to consider the work cycle of electromechanical energy conversion and associated 

circuitry. Also the maximum electric field, the maximum surface charge density, the maximum 

stress and the maximum strain of the piezoelectric element are important criteria to consider 

when determining the limitations of power transfer in a piezoelectric transformer, as well as in 

a piezoelectric power generation system. 

2.3    Theoretical Background 

The linear electromechanical energy conversion process with piezoelectric ceramics is by far the 

easiest to handle, since the piezoelectric, dielectric and elastic constants can be applied directly 

[8]. In linear analysis, the coefficients mentioned above are assumed to be constant during the 

operation. The nonUnearity at high fields and hysteresis effects are ignored, i.e. the losses 

due to nonlinear eS'ects are not considered. It is also assumed that the operation frequency is 

well below the lowest resonant frequency of the piezoelectric element, i.e. the operation can 

be considered as quasi-static. The hnear constitutive relationships for a general piezoelectric 

element are: 

D 

S 
— 

' e^    d' 

dt   s^ 

E 

T 
(2.1) 

where £» is a vector of electric displacements or charge density (charge/area), S is the vector 

of material engineering strains, E is the vector of electrical field m the material (volts/meter), 
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T is the vector of material stresses (force/area), e is the matrix of dielectric constants, d 

is the matrix of piezoelectric constants and s is the matrix of compliance coefficients of the 

piezoelectric element. The superscripts ()^ and ()^ signify that the coefficients are measured 

at constant stress and constant electric field respectively and the subscript ()t denotes the 

matrix transpose. In this chapter, a specific case will be considered where the piezoelectric 

element is subjected to compression parallel to the polarization of the element. It is assumed 

that the lateral dimensions are small compared to the axial dimension, so that only the axial 

stress Tz needs to be considered (Ti = r2 w 0). Or, it can be assumed that, the element is free 

to expand in lateral directions so that T3 is the only nonzero stress component. Under these 

conditions, equation 2.1 reduces to 

Dz 

S3 

£33     <=^33 

^^33 =33 Tz 
(2.2) 

where the first and second subscripts of the piezoelectric, dielectric and elastic constants 

denote the orientation of the electric field and the stress respectively. 

Quasi-static coupling factors, or coefficients, are very common and useful definitions for 

piezoelectric energy conversion. The coupling coefficients are dimensionless and thus they pro- 

vide a useful comparison between different piezoelectric materials independent of the specific 

values of permittivity or compliance. The definition of the coupling coefficient described above 

is given in [18]. Figure 2-1 illustrates graphically the meaning of the coupling coefficient ^33. 

The cycle shown is as follows: first, the piezoelectric element is compressed under short circuit 

condition, then the compressive stress is removed under open circuit condition, and then the 

cycle is completed under constant stress condition by applying an ideal electric load. As work is 

done on the electric load, the strain returns to its initial state. For the idealized case illustrated 

in Figure 2-l(a), the coupling coefficient is defined as: 

ihs) 
Wi 

W1 + W2 

«-E _ ..D 
^33      ^33 

■^33 

"33 

^33^33 

(2.3) 

where Wi is the work done on the electric load and W2 is the part of the energy unavailable 

to the electric load or the reversible stored elastic energy (strain energy). 

Similarly, the coupUng coefficient for energy conversion from electrical energy to mechanical 
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(a) 

Figure 2-1: Graphic illustration of electromechanical energy conversion and definition of the 
piezoelectric coupling factor /cas given in [18] (a) Conversion of energy from a mechanical source 
to electrical work (b) Conversion of energy from an electrical source to mechanical work. 

energy can be derived using the idealized cycle illustrated in Figure 2-l(b). First, the element 

is mechanically free when the electric source is connected. Then the element is blocked me- 

chanically parallel to polarization before the electric source is disconnected. Then with £3=0 

the mechanical block is removed and in its place a finite mechanical load is provided. For this 

idealized cycle of work illustrated in Figure 2-1 (b), the couplmg coefficient is defined as: 

ihz? 
Wi ^33 ^33        _ d? '33 

^33^33 
(2.4) 

where Wi is the work done on the mechanical load and W2 is the part of the energy 

unavailable to the mechanical load. 

The idealized work cycles illustrated in Figure 2-1 correspond to the standard definition of 

the piezoelectric coupling coefficient. Berlincourt proposes alternative work cycles of reversible 

electromechanical energy conversion in [8]. These cycles are shown in Figure 2-2. The first 

one, which is illustrated in Figure 2-2(a) corresponds to a case where the element is compressed 

with the electric load not connected, i.e. under open circuit conditions, then the electric load 

is connected with stress maintained, then the mechanical stress is reduced to zero with the 

electric load again disconnected and finally the electric load is connected and the element 
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Figure 2-2: Alternative idealized work cycles given in [8]. 

returns to its initial state under constant stress. In the cycle illustrated in Figure 2-2 (b), the 

element is compressed under open circuit condition, then the electric load is connected with 

stress maintained and finally the electric load is connected and the stress is reduced under 

closed circuit condition and the element returns to its initial state. The cycle in Figure 2-2 (c) 

is identical to the cycle used for deriving the coupUng coefficient in Figure 2-1. The cycle in 

Figure 2-2(d) corresponds to a case where the energy conversion occurs at several intermediate 

levels. 

Berlincourt [8] defines an effective coupling factor, which is equal to 

,2 Wl 
^ff       Wl + W2 

(2.5) 

He applies this definition to each of the different work cycles described above. Then he expresses 

the effective couphng factors for each of the difi'erent cycles in terms of the standard coupling 

coefficient given in Equation 2.3 as follows: 

39 



keff(a) = hzyj2l{\-\-kl^) (2.6) 

Kfm = fc33\/n-fc|3 (2.7) 

Kf}(c) = hs (2.8) 

kefnd) = fc33\/2/(n + fc|3) (2.9) 

where fcaa is the standard coupling coefficient and n is the number of intermediate levels in 

Figure 2-2(d). Prom equation 2.6 it is apparent that the coupling coefficient corresponding to 

the first case in Figure 2-2 is greater than the standard coupling coefficient defined previously. 

It is important to note that, the cycles described so far are idealized or hypothetical cycles. 

The energy conversion process occurs with the mechanical and electrical energy sources con- 

nected and disconnected at will. However, no explanation has been given m terms of how these 

cycles can be achieved or approximated in a real application. In other words, the mechanical 

and electrical infrastructures which would allow these cycles to occur are not discussed. In this 

chapter, conversion from mechanical to electrical energy is considered, with emphasize on the 

circuitry used which basically determines the work-cycle. In other words, the rectifying cir- 

cuitry is the electrical infrastructure in the power generation process. In the following sections 

two different circuit topologies will be analyzed in detail in terms of the effective coupling factor 

and energy density. 

2.4    Circuitry Considerations 

Although in the Uterature different mechanisms for piezoelectric power generation has been 

presented and some studies performed for piezoelectric material characterization for power 

generation, no detailed analysis has been presented in terms of effective coupling factor, energy 

density and piezoelectric material comparison with regard to circuitry. This section analyzes two 

different circuits for rectifymg and storing the electrical energy generated by the piezoelectric 

element. These circuits constitute examples of nonlinear shunting of piezoelectric elements. The 

first one is a regular full bridge rectifier with a battery attached to it. The second circuitry is the 

same circuit proposed in [26] for piezoelectric power generation, which consists of a full bridge 
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(a) Full Bridge Rectifier (b) Full Bridge Rectifier and Voltage Detector 

Figure 2-3:   Alternative circuits to rectify and store the electrical energy generated by the 
piezoelectric element. 

rectifier, an inductor, a silicon controlled rectifier (SCR), a voltage detector and a capacitor to 

store the electrical energy. The circuits are shown in Figure 2-3. 

2.4.1    Modeling 

This section presents the modeling of the piezoelectric element and the circuitry. The models 

are same for the two circuits under consideration except some small differences. 

Piezoelectric Element 

Linear piezoelectric constitutive relationships are assumed. The form of the constitutive equa- 

tions used here is as follows: 

S 

E 
^33 

^33 

-33   J 

T 

D 
(2.10) 

where D is the charge field, 5 is the stram, E is the electric field, and T is the stress. For a 

cross-sectional area of Ap and length of Lp, the expressions for the deflection of the piezoelectric 

element and the voltage across it become: 

tp — -J-(S33-Fp + -JTQP) 
j\p £33 

(2.11) 
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^-f -( y Fp          Qp) 
P   ^33             ^33 

(2.12) 

where Xp is the deflection, Qp is the charge, Fp is the force applied on the piezoelectric 

cylinder, and Vp is the voltage across the piezoelectric cylinder. And the current through the 

piezoelectric element is given by: 

^p    dt (2.13) 

Diode Bridge 

The model of the diode bridg( 5 rectifier is based on [52].   The governing equations can be 

derived using Kirchofe laws and diode equations. The notation in Figure 2-3 i s used. Applying                                        1 

Kirchoffs Current L&w(KCL) in the junctions l,2,3,and 4, we get 

h =   k-h (2.14) 

h =   ii+i2 

h =   h-ii 

h =   -h-k 

The voltages across the diodes are given by: 

Vi =   V1-V2 (2.15) 

V2 =   V3-V2 

V3 =   Vi-Vz 

Vi =   Vi-Vi 

Applying Kirchofi's Voltage Law (KVL^ ' around the loops corresponding to the cases where 

V^ > 0 and V^ < 0 we get: 
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-Vp + vi + Vb + V3   -   0      for   Fp>0 (2.16) 

Vp + V2 + Vb + V4   =   0      ior   Vp<0 

For the case where Vp > 0, the currents flowing through diodes #1 emd #3 are the same, 

and for the case where T^ < 0, the currents flowing through diodes #2 and #4 are the same. 

Since all the diodes have the same constitutive relationship, we can write: 

^1-^2   =   V4-V3      for   Vp>0 (2.17) 

1/4-^1   =   1/3-1^2      for   Vp>0 

Recognizing that V^ = Vi - V3 ,11^2 = H, ^4 = O(ground) and using equation 2.17 we can write: 

Vi   =   }^+]i. (2.18) 
£1 

V3 2 

The voltage — current relationships (constitutive law) of the diodes are: 

in   =   /o[exp^-l], z;„>0 (2.19) 

in    =    0 Vn<0 

where the subscript ()„ denotes the diode number, q = 1.60 x 10""^^ (C) is the electron 

charge, k = 1.38 x 10''^^{J/K) is the Boltzman constant and T is the temperature(T = 300J<r). 

lo and 77 are diode properties. For CS57-04 diode (CoUmer Semiconductor, Inc.), whose values 

will be used throughout the thesis, they are measured to be: lo = 10~^ and rj = 17.25 [19]. 

43 



Diode Bridge and Voltage Detection Circuit 

For the diode bridge with the voltage detection circuit, the model is similar. The equations 

2.14, 2.15, and 2.19 are valid. However because of the implementation of the voltage detection 

circuit and SCR, the simulation architecture is different [53], which is shown in Appendix A. 

The voltage detection circuit is not modeled. Only its function is implemented in SimuUnk. 

The Kirchoffs Voltage Law can be written for this case using the notation in Figure 2-3 as: 

-Vp + vi+V5 + VscR + Vc + V3   =   0      for   Fp>0 (2.20) 

Vp + V2 + V5 + VscR + V; + 7^4   =:   0      for   Fp < 0 

The voltage across the inductor is given by: 

And we can also write 

Vc = CJ^^ (2.22) 

2.4.2    Simulation and Analysis 

Simulations are performed using Matlab/Simulink. The Simulink blocks and additional details 

are given in the Appendbc A. The Simulink architecture Ls shown in Figure 2-4. The piezoelectric 

element block includes the constitutive relationships and the circuit block includes the equations 

corresponding to the circuitry. The piezoelectric element is excited with an imposed force on 

it. The geometry and operation conditions chosen for the simulation are shown in Table 2.1. 

The imposed force is sinusoidal with an offset, namely it fluctuates between zero and the 

force corresponding to the maximum applicable stress, which is the depolarization stress of the 

piezoelectric element. In the case of PZN-4.5%PT, the depolarization stress is measured to 

be around lOMPa [19]. For the chosen piezoelectric cylinder diameter, the maxunum force is 

31.4A''. Detailed comparison of different piezoelectric materials will be presented in section 2.6. 
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Figure 2-4: Simulation architecture used to simulate the piezoelectric element connected to the 
full bridge rectifier. The force is imposed on the piezoelectric element. 

Length of the piezoelectric element, Lp Imm 
Diameter of the piezoelectric element, Dp 2mm 
Operation frequency, / 20kHz 
Maximum force, Fp 31 AN 
Optimum battery voltage, H 90F 
Piezoelectric material PZN - 4.5%PT 

Table 2.1: Geometry and operation conditions used in simulation 
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Full Bridge Rectifier 

Simulation Simulation time histories are shown in Figure 2-5. The operation at steady state 

can be summarized as follows: Durmg the compression of the piezoelectric element the voltage 

on it increases. If it reaches the battery voltage, current starts to flow through the battery and 

in fact the piezoelectric element voltage is a little bit higher than the battery voltage during 

this interval which causes the current to flow. The amount which the piezoelectric element 

voltage exceeds the battery voltage during this interval depends on the diode properties and 

other resistances in the system. When the force on the piezoelectric element begins decreasing, 

the voltage decreases too and when it becomes less than the battery voltage current stops 

flowing through the battery As the force on the piezoelectric element keeps decreasing, the 

voltage on the piezoelectric elements keep decreasing until it reaches the negative value of the 

battery voltage. At this point, current begins to flow through the battery, now, however, from a 

diflFerent branch of the diode bridge, namely through different diodes. Again during this interval 

the voltage on the piezoelectric element exceeds the battery voltage a little bit (in this case it 

is lower than the negative value of the battery voltage). When the force begins increasing, the 

voltage begins increasing too and again no current flows through the battery. Throughout the 

operation, the voltage on the piezoelectric element fluctuates between the negative and positive 

values of the battery voltage. 

In order to get insight into the energy conversion mechanism and to derive the governing 

equations in the next section, it is worthwhile to look at the force vs. deflection and voltage vs. 

charge plots of the piezoelectric element. These are plotted in Figure 2-6. The most important 

observation is that there are two major regimes during the operation: Operation under open 

circuit conditions, where the compliance of the piezoelectric element is small, i.e the piezoelectric 

element is hard; and operation under closed circuit conditions, where the compliance of the 

piezoelectric element is large, i.e the piezoelectric element is soft. The compliances in these 

regimes are s|^ and sfg for open circuit and closed circuit conditions respectively The shaded 

region in Figure 2-6 corresponds to the stored electrical energy in one cycle. The generated 

power is then simply this energy times the operation frequency. 

The battery voltage has an important effect on the performance. The simulation results 

presented in Figure 2-5 and Figure 2-6 correspond to the optimum battery voltage (90V^). The 
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(a) Applied Force 
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(b) Piezoelectric Element Deflection 
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(c) Voltage on Piezoelectric Element 

— -Vu 

1 

(d) Current through Battery(/j) 
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Time [10"^ s] 
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Figure 2-5: Time histories from the simulation of the piezoelectric element connected to the 
full bridge rectifier for the case of imposed force. The generated power is IbVt. 
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Figure 2-6:  Force vs.   deflection and voltage vs.   charge plots of the piezoelectric element 
compressed under the applied force for the case of full bridge rectifier. 

in force vs. deflection of the piezoelectric element for different values of battery voltage is shown i 

Figure 2-7. It is found that, the meiximum power is obtained with an optimum battery voltage 

of: 

Vb^opt) = 
Vr. ^ ^(^33 ~ ^33)-^? 

(2.23) 4       4 d33 

where Voc is the open circuit voltage of the piezoelectric element, sfg and s£ are the closed 

circuit and open circuit compliances of the piezoelectric element respectively, ^33 is the piezo- 

electric coefficient, a is the maximum stress on the piezoelectric element, and Lp is the length 

of the piezoelectric element. Open circuit voltage at a given stress is the voltage generated 

by the piezoelectric element when compressed under open circuit conditions. In fact the opti- 

mum battery is the voltage which optimizes the shape of the force vs. displacement curve for 

maximum enclosed area. 

It should be noted that the above analysis is done for a case where the force on the piezoelec- 

tric element is varying between zero and a maximum value which corresponds to the depolar- 

ization stress of the piezoelectric element. In order to analyze the case where the force is biased, 

the system is simulated for nonzero positive or negative minimum forces. It has been discovered 
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Figure 2-7: Effect of battery voltage on power. 
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(a) Force vs. Deflection of the Piezoelectric Element 
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Figure 2-8: Effect of bias force on the workcycle. 

that the optimum battery voltage depends only on the stress band on the piezoelectric element, 

namely on the difference of the maximum and minimum stresses on the piezoelectric element. 

Figure 2-8 shows the workcycles for different applied forces which have the same peak to peak 

values but diflferent bias values. For each case the optimum battery voltage is the same since 

the stress band resulting from each case is the same. Equation 2.23 can be rewritten as: 

ybiopt) 
1M4: ®33)-^P 

dss 
(2.24) 

where Au is the stress band on the piezoelectric element. 

Analysis In order to investigate the work cycle of the piezoelectric element, we can analyze 

the stress vs. strain and electric field vs.charge density plots of the piezoelectric element in 

detail. Important features of the work cycle is shown in Figure 2-9 which corresponds to the 

optimum battery voltage case. It is important to not that, the dashed line, which corresponds 

to the case in which the piezoelectric element would be compressed in closed circuit conditions, 

passes through the middle of the stress vs. strain curve. We also know the slopes of the curve 
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in the two different regimes, namely open circuit and closed circuit regimes. Using simple 

geometry, we can derive the coordinates of the corner points. Prom the voltage vs. charge 

plot in Figure 2-6 we see that the voltage of the piezoelectric element fluctuates between the 

positive and negative values of the battery voltage. Using constitutive relationships to calculate 

the corresponding charge on the piezoelectric element at different states, we can get the electric 

field vs. the charge density plot. These are shown in Figure 2-9. 

The electrical energy stored (per piezoelectric element volume) in the battery in one cycle 

for the case of optimum battery voltage, which is equal to the enclosed area by the stress vs. 

strain or electric field vs charge density curve can obtained using simple geometry from Figure 

2-9 as: 

E^\{sg-sg)a^ (2.25) 

where sf^ and S33 are the closed circuit and open circuit compliances of the piezoelectric 

element respectively and a is the maximum stress on the piezoelectric element. 

Then, the generated power by the piezoelectric element can be expressed as: 

W = \{sg-sg)a%f (2.26) 

where Vp is the volume of the piezoelectric element and / is the operation frequency. From the 

above equation it can be seen that the power depends heavily on the stress on the piezoelectric 

element. The most important limitation on piezoelectric power generation is the depolarization 

stress. For stresses larger than this, piezoelectric element coefiicients degrade and performance 

decreases drastically. Each piezoelectric element has a different depolarization stress, which 

constitute an important factor when determining their feasibility as power generators. Detailed 

comparison of different piezoelectric elements will be presented in Section 2.6. 

Effective coupling factor for an electromechanical energy conversion mechanism, in this case 

a system which converts mechanical energy into electrical energy is defined as the ratio of the 

mechanical work done on the system to the electrical energy stored in one cycle. This definition 

is the same as the one used to derive the coupling coefficient. This is illustrated in Figure 2-10. 

From the above definition we can write: 
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Figure 2-9:   General presentation of the work cycle of the piezoelectric element in terms of 
stress, strain, electric field and charge density for the case of regular diode bridge. 
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Figure 2-10: Illustration of the effective coupling factor for the case of regular diode bridge. 

''eff       W1+W2 
(2.27) 

Again using geometry, the effective coupling factor can be derived in terms of the piezoelec- 

tric material compliances as: 

Kff- 
2(5; 33 '33; (2.28) 
3S33 + Sg3 

The definition of the coupUng coefficient of a piezoelectric element was given in section 2.3. 

Using equations 2.3 and 2.28, the effective coupling factor for the full bridge rectifier case can 

be expressed in terms of the coupling coefficient as: 

2K33 t.2.._ 
V/ ^  1.2     ,  0 Koo -f- Z 

(2.29) 

Full Bridge Rectifier and Voltage Detection Circuit 

The operation of this circuit is as follows: The voltage detector circuit detects the voltage right 

after the diode bridge (^2)- Initially, the SCR is in "off" state. If V2 reaches its maximum and 

begins decreasing, the voltage detector sends a current signal to SCR which turns it on. If the 

detected voltage reaches zero, the voltage detector sends another signal to SCR which turns it 
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off. 

Simulation The simulation architecture is the same as in Figure 2-4. The implementation 

of the switching of the SCR and additional details of the Simulink model are presented in 

Appendix A. Again, the force is imposed on the piezoelectric element. The geometry, operation 

frequency and the piezoelectric material are the same as in the previous section. The time 

histories resulting from the simulation are shown in Figure 2-11. 

Agam, in order to get insight into the energy conversion mechanism and to derive the 

governing equations, it is worthwhile to look at the force vs. deflection and voltage vs. charge 

plots for the piezoelectric element. These are plotted in Figure 2-12. We can see that there are 

two basic operation regimes. The first one is operation under open circuit conditions, where the 

compUance of the piezoelectric element is low, i.e the piezoelectric element is hard. The second 

operation regime is defined with the almost flat lines in Figure 2-12. This regime corresponds 

to the time intervals, where the switch (SCR) is on. In this regime, the piezoelectric material 

behaves as a very soft material. 

Smce the SCR is initially closed, the piezoelectric element is first compressed under open 

circuit conditions, until the applied force reaches its maximum and begins to decrease (period 

1-2). In this period, the voltage on the piezoelectric element reaches the open circuit voltage 

corresponding to the maximum stress applied on the element. Once the force begins to decrease, 

the detected voltage, which is the rectified piezoelectric element voltage, begins to decrease too, 

which causes the switch to turn on. After the switch turns on, the voltage decreases very fast 

and the piezoelectric element is compressed with a very small effective stiffness. The switch 

turns again off once the voltage reaches zero. During the period when the switch is on (2-3), 

the piezoelectric element is squeezed until the point, as if it was being squeezed under the same 

stress and closed circuit conditions. We can verify this by looking to the voltage vs. charge 

plot. In state 3, the voltage on the piezoelectric element is zero and the force on it is almost 

the maximum force. Of course, this rapid compression occurs in finite time and during this 

time interval, the force decreases a Uttle bit, which results in the almost flat region in force vs. 

deflection plot. The shorter the "on" state, the flatter will be the line. It can be concluded 

that, the performance of the system with this cycle depends highly on the time history of the 
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Figure 2-11: Time histories from the simulation of the piezoelectric element connected to the 
full bridge rectifier and voltage detector circuit. The time intervals between the dashed lines 
present the intevals where the switch(SCR) is in its "on" state. 
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Figure 2-12: Force vs. deflection and voltage vs. charge plots of the piezoelctric element 
compressed under the applied force for the case of full bridge rectifier and voltage detector 
circuit. 

applied force. 

Analysis After the observations done in the previous section, we can derive the equations 

which determine the maximum strain and charge of the piezoelectric element, the energy stored 

per cycle and the effective coupling factor. To keep the analysis more general, we again analyze 

the work cycles in terms of stress vs. strain and electric field vs. charge density plots. Important 

features of the idealized work cycles are shown in Figure 2-13. As mentioned earlier, there is a 

finite time associated with the transition between states 2-3 and 4-1, where the force does not 

remain at its maximum value. This time interval depends highly on the value of the inductor 

used. In the simulation, an inductor of 20mH is used. It should be also mentioned that, the 

capacitor has to be large enough to avoid saturation. The simulation results are very close to 

the idealized cycles, which can be seen comparing Figure 2-12 and Figure 2-13. It should be also 

mentioned that, the difference between these figures should be counted partly on a simulation 

artifact. The switch operation and open circuit and closed circuit conditions are sunulated 

using very large and very small resistances respectively It can be concluded that, the idealized 

curves in Figure 2-13 are very good approximations to the actual work cycles. 

56 



(a) stress vs. strain (b)Electric Field vs. Charge Field 

atmostflat 

almostflat 

•lapc = 

Strain (S) 

^-~~.,,^^^          jwJfc* 

s drcuit 

^""""^-v^ opc» 

^^"^ ̂ ..^^ 

iwte**"--.^^^ 

open 
dmdt 

open            ^^^v^^ 

<'[^«-»°«i   

"" j 
Charge Field (D) 

a Is, 

Figure 2-13: General presentation of the work cycle of the piezoelectric element in terms of 
stress, strain, electric field and charge density for the case of the full bridge rectifier and voltage 
detector circuit. 

The derivation of the coordinates of the points in Figure 2-13 is straightforward. The strain 

values can be found by using the slopes of the stress vs. strain curve. The maximum charge 

can be calculated using the constitutive relationships for the condition of zero electric field and 

maximum stress. The electrical energy stored in the capacitor in one cycle, which is equal to the 

enclosed area by the stress vs.strain and electric field vs.charge density curve can be obtained 

easily as: 

E = (sfs - sg)(r^ (2.30) 

where sfg and s^ are the closed circuit and open circuit compliances of the piezoelectric 

element respectively and a is the maximum stress on the piezoelectric element. 

Then, the generated power by the piezoelectric element can be expressed as: 

W = {sg-sg)a^Vpf (2.31) 

where Vp is the volume of the piezoelectric element and / is the operation frequency. Prom 

the above equation it can be seen that the power depends heavily on the stress on the piezo- 
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Figure 2-14: lUustration of the effective coupling factor for the full bridge rectifier and voltage 
detection circuit. 

electric element. The power generated with this circuitry is four times bigger than the power 

generated using the full bridge rectifier under the same conditions, namely same applied force 

and frequency. 

Using the definition in equation 2.27 and from Figure 2-14, the effective coupling factor can 

be obtained as: 

(2.32) 

Using equations 2.3 and 2.32, we can express the effective coupHng factor of the coupling 

coefficient as: 

^2    _    2fc33 

A;33 -|-1 
(2.33) 

It is very interesting to note that the diode bridge and the voltage detection circuit proposed 

by Smalser in [26] result in the hypothetical electromechanical energy conversion work-cycl 

proposed by Berlincourt [8]. This cycle is shown in Figure 2-2(a). The expression in equati 

2.6 is identical to equation 2.33. 

e 

ion 
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Figure 2-15: Other alternative circuits for piezoelectric power generation. 

2.5    Other Circuits 

This section discusses some other alternative chcuits for piezoelectric power generation, shown 

in Figure 2-15. The geometry, operation frequency and the piezoelectric material used for the 

simulations are the same as in the previous section. 

A much simpler circuit than the ones presented in previous sections is that involving just 

a resistor. Resistive shunting of piezoelectric elements for structtiral damping is discussed in 

[15]. The resistive shunting exhibits frequency dependent behavior and the converted electrical 

energy is dissipated, not stored. Figure 2-16 shows the force vs. deflection and voltage vs. 

charge plots from the sunulation of the piezoelectric element shunted by a resistor. It can be 

seen that, for relatively small resistance values, the piezoelectric element behaves close to the 

closed circuit condition, whereas for large resistance values, it behaves close to the open circuit 

condition. It should be noted that the simulations presented in Figure 2-16 are performed at a 

certain frequency. If one were to keep the resistance constant and change the frequency, similar 

behavior would be observed. Namely, at very large frequencies the behavior would be close to 

open circuit behavior, whereas at very low frequencies, the behavior would be close to closed 
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Figure 2-16: Simulation results of the piezoelectric element shunted by a resistor for different 
resistance values. 

circuit behavior. Indeed, the maximum electromechanical energy conversion occurs when the 

impedance of the load, which is the resistor, is matched to the impedance of the piezoelectric 

element. In other words, for a given piezoelectric element and geometry, at any given resistance 

value there exists an optimum frequency, or at any given frequency there exists an optimum 

resistance value. The optimum resistance value is given as: 

^* ~ 27r fCT (2.34) 

where / is the operation frequency and C^ is the capacitance of the piezoelectric element 

under constant stress, which can be expressed as: 

(f — ^33-^p 
(2.35) 

where e^^ is the dielectric constant and Ap and Lp are the cross-sectional area and the length 

of the piezoelectric element respectively. 

Figure 2-17 compares the resistive shunting (for optimum resistance value) with the circuits 

presented in previous sections. Resistive shunting performs better compared to the full bridge 

rectifier in terms of electromechanical energy conversion.  However, as mentioned earlier, the 
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Figure 2-17: Comparison of resistive shunting(at optimum resistance) with full bridge rectifier 
and full bridge rectifier with voltage detector. 

performance depends heavily on operation frequency and the electrical energy is not stored, 

which make resistive shunting not a suitable option for power generation. 

An alternative circuit can be full bridge rectifier and a capacitor connected to it, instead of 

a battery or a DC voltage source as presented in section 2.4.2. This is actually the same circuit 

configuration as presented in [10]. The simulation results are shown in Figure 2-18. As can 

be seen from the plots, the behavior heavily depends on the value of the capacitor. Obviously, 

energy cannot be transferred to the capacitor after the voltage of the capacitor nearly reaches 

half of the open circuit voltage of the piezoelectric element, which corresponds to the maximum 

stress. As expected, the higher the capacitance, the larger is the stored energy, since the final 

voltage is the same regardless of the capacitance value. This statement contradicts with the 

conclusion made in [10] because in this simulation the force is imposed on the piezoelectric 

element. In [10], no force is imposed on the piezoelectric element. The dynamics of the system 

(falling ball, vibration of the plate etc.) is determined by the circuitry, i.e. the capacitor and 

there exists an optimum capacitance value for maximum energy transfer. 

Another alternative would be to add an inductor to the full bridge rectifier in series with 

the battery. The simulation results corresponding to the optimum inductor value are shown in 

Figure 2-19.  It can be seen that both the stored energy per cycle and the effective coupling 
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Figure 2-18: Simulation results of the full bridge rectifier connected to a capacitor. 

factor increases with the addition of the inductor. However, in order to get this behavior, the 

value of the inductor should be tuned to the optimum value at a given frequency and for this 

particular example the required inductance is about lOOmH, which is physically very large and 

not practical. 

We can generally conclude that, the circuits discussed in the previous section are better 

suited for piezoelectric power generation since they can store the electrical energy and the 

behavior is not frequency dependent. 

2.6    Piezoelectric Material Comparison 

Section 2.4 presented an analysis of two different circuits and expressions derived for the effective 

coupling factor and generated power. This section presents a comparison of different piezoelec- 

tric materials in terms of energy density and effective coupling factor for different shunting 

conditions, i.e. with different circuits connected, using the expressions derived in Section 2.4. 

The important expressions for energy density and effective coupUng factor are summarized in 

Table 2.2. The effective coupling factors for the two circuits presented in Table 2.2 are plotted 

as a function of the coupling coefficient in Figure 2-20. It can be seen that the effective coupling 
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Figure 2-19:   Force vs.   deflection plot from the simulation of the full bridge rectifier with 
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Rectifier Rectifier+Voltage Detector 

Energy Density- 

Effective coupUng factor 

ED - (sfg - 5^3)0-2 

1.2           2/233 

Table 2.2: Comparison of circuitry in terms of energy density and effective coupling factor 

factor for the case of the diode bridge is always smaller than the couphng coefficient whereas 

the effective coupling factor for the case of the diode bridge with voltage detector is always 

larger than the coupfing coefficient. This can be also presented with the following inequality: 

-^^ < fc33 <   '-^^ (2.36) 
,   ^S + 2 y fc33 + 1 

which is vaUd since ^33 < 1. 

The energy density of a piezoelectric material, i.e. the maximum energy which can be 

extracted from a piezoelectric element in one cycle is mostly Mmited by the depolarization stress 

of the piezoelectric element, which means that if a stress higher than the depolarization stress 
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Figure 2-20: Effective coupling factors of the diode bridge and the diode bridge with voltage 
detector as a function of the couping coefficient. 

is applied, the material begins to dipole and the piezoelectric, dielectric and elastic coefficients 

begin to degrade. Behavior of different PZT ceramics and PZN-PT single crystal piezoelectric 

elements under high stress are investigated in [46] and [19] respectively. The assumption for 

the maximum stress limit, i.e. the assumed values for the depolarization stress are based on the 

above mentioned references. Other studies about piezoelectric elements under high fields are 

presented in [45]-[49]. Elastic and piezoelectric properties of different piezoelectric materials 

along with depolarization stress values are compiled in Table 3.3. 

Different piezoelectric materials are compared in terms of theu- energy densities and effective 

coupling factors for different circuitry in Figure 2-10. It is interesting to note that, although 

the single crystal piezoelectric material(PZN-PT) has very high effective couplmg factor, it has 

a very low energy density compared to PZT-8 or PZT-4S because of its small depolarization 

stress. We can generally say that, the effective coupling factor is a function of the coupling 

coefficient and the circuitry, whereas the energy density is a function of coupUng coefficient, 

circuitry and the depolarization stress. As mentioned earlier, for a piezoelectric element, the 

energy density obtained with the diode bridge and voltage detector circuit is four times larger 

than the energy density obtained with just the diode bridge. 
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PZT-4S PZT-5H PZT-8 PZN-4.5%PT 

sg[10-^^myN] 15.5 20.7 13.9 81 

sg[10-'^myN] 7.9 9.01 8.2 17 

kss 0.7 0.75 0.64 0.89 

d33[10-"m/y] 350 593 250 1780 

Depolarization Stress[MPa] 120 30 150 10 

Table 2.3: Properties of different piezoelectric materials 

2.7    Conclusion 

This chapter presented an analysis of two different circuitries for piezoelectric power generation. 

Analytical expressions are derived for the generated power and effective coupling factor for a 

given piezoelectric material and circuitry. Different piezoelectric materials are compared in 

terms of their power generation characteristics. Among the materials analyzed, PZT-8 has 

the highest energy density. Despite its large coupling coefficient, the single crystal material 

PZN-PT has very low energy density, which is a consequence of its low depolarization stress. 

However, the coupling coefficient becomes an important criteria if the piezoelectric element is 

considered along with its surrounding system, for example the infrastructure which provides 

the force on the element, which is the energy harvesting chamber in the microhydraulic power 

generation device. It should be remembered that in the analysis presented in this chapter a 

prescribed force is imposed on the piezoelectric element. This issue will be addressed in the 

next chapter. 
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Chapter 3 

Energy Harvesting Chamber and 

Preliminary Design Considerations 

This chapter presents a simple model of the energy harvesting chamber, simulations with the 

coupled circuitry and preUminary design considerations. The interaction of the energy harvest- 

ing chamber and the circuitry is discussed. The two circuits presented in Chapter 2 and different 

piezoelectric materials are compared in terms of the flowrate and frequency requirements for a 

given pressure diflferential and power, and in terms of system efficiency. 

3.1    Configuration and Operation of the Energy Harvesting Cham- 

ber 

The Energy Harvesting Chamber consists of a fluid chamber, a piston and a piezoelectric 

cylinder. The configuration of the energy harvesting chamber and its basic components are 

shown in Figure 3-1. 

The piston converts the pressure in the chamber to a force on the piezoelectric cylinder. 

The mlet and outlet valves operate 180° out of phase at high frequency and convert the static 

pressure differential {PRPR - PLPR) into pressure fluctuations in the chamber. This results in 

cyclic compression of the piezoelectric cylinder, which is coupled to the circuitry. The generic 

operation and typical duty cycles are shown in Figure 3-2. 
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Figure 3-1: Energy harvesting chamber configuration. 
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Figure 3-2:   Duty cycles of generic operation of the energy harvesting chamber.   The valve 
openings have the same duty cycle as the flowrates and are not shown here. 
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In the chamber, the hydraulic energy is converted into mechanical energy, which is converted 

into electrical energy in the piezoelectric element and then the electrical energy is stored in the 

coupled circuitry. There is a strong coupling between the hydraulic/mechanical system and the 

circuitry, in other words, the electrical circuit affects the behavior of the system dramatically, 

an issue which should be analyzed in detail. 

3.2    Modeling 

In order to understand the interaction between the hydraulic, mechanical and electrical system, 

a simple model of the energy harvesting chamber will be used to simulate a representative 

system. The basic assumptions are: 

- The effect of piston tethers on the motion of the piston is neglected perfect sealing between 

the piston and the chamber walls is assumed 

- An effective compliance, Ce//, is assigned for the chamber, which includes the combined 

effect of the bending of the piston, chamber ceiling (top plate), bottom plate and piston tethers 

as well as fluid compression inside the chamber. Cg// will be defined in section 3.2.2. 

- Piston d3rnamics is neglected. 

The detailed structural modeling and analysis of the compliance contributions of the struc- 

tural members in the chamber will be presented in Chapter 4. 

3.2.1    Piezoelectric Cylinder 

The piezoelectric material is modeled using the same constitutive relationship given in Chapter 

2, namely: 

S 

E 

diz 
="33 

^33 

L   "^33 -33   J 

T 

D 
(3.1) 

where D is the charge field, S is the displacement field (strain), E is the electric field, and T 

is the stress. For a cross-sectional area of Ap and length of Lp, the expressions for the deflection 
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of the piezoelectric element and the voltage across it become: 

^P/.D r.   .   <^33 ^P = f{s§^F, + ^Q,) (3.2) 

_ Lp/dzz ^       1 
V, = ^{^F,-^Q,) (3.3) 

where Xp is the deflection, Qp is the charge, Fp is the force applied on the piezoelectric 

cylinder, and Vp is the voltage across the piezoelectric cylmder. And the current through the 

piezoelectric element is given by: 

I   -^ nA\ 
^''-    dt ^3-4) 

3.2.2    Chamber Continuity 

The chamber converts the hydraulic energy into mechanical energy via the piston, which applies 

a force on the piezoelectric cylinder. In order to derive the expression for the chamber pressure, 

continuity equation inside the chamber should be considered. Consider an initial fluid volume 

inside the chamber. The time rate of the pressure change in the chamber is given by: 

dt       Vo dt ^'^■^' 

where /3y is the bulk modulus of the fluid, Vo is the initial volume of the fluid inside the 

chamber and — is the volume change of the fluid. Sources of the volume change are: 

- Net flowrate into the chamber 

- Piston Movement 

- Additional volume created inside the chamber by the deformation of the structural mem- 

bers due to chamber pressure 

Then, the time rate of the total volume change in the chamber can be expressed as: 

dt ~^'" ^'^'~~dr "^'"dF (^-^^ 

where Xp is the displacement of the piston, which is equal to the deflection of the piezoelectric 

cylinder. Apis is the cross-sectional area of the piston, and V; is the total volume displaced by 
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the deformation of the structural members inside the chamber. The source of this additional 

volume might be the deformation of the top and bottom plate of the chamber, deformation of 

the piston tethers and deformation of the piston itself. The individual sources of the structural 

comphance of the chamber will be analyzed in detail in Chapter 4. 

Combining equations 3.5 and 3.6, we get: 

dPch _Pf (r,       n ^""P A ■      ^\ (3 7) 

We can define the overall structural compliance as: 

Cs = ^ (3.8) 

From equations 3.7 and 3.8, we get the expression for the chamber pressure as: 

dPch      (Vo  , ^A"V^       ^ dxp 
dt 

(^+C.)   ' {Qin-Q^t-^A^)j (3.9) 

For simplicity, we can define an effective comphance for the chamber, which represents all 

the compliance sources as: 

Ceff={^ + C^ (3-10) 

where the first and the second terms correspond to the fluidic comphance and structural 

comphance respectively, which act like parallel capacitors in electrical circuit analogy. 

We can rewrite 3.9 as follows: 

^ = J- f Q,„ - Q„„, - ^A^^ (3.11) 
-eff at Oeff   \ <M 

It is important to note that, in the above analysis the initial fluid volume inside the chamber, 

Vo, is assumed to be much larger than the volume displaced by the piston and the volume 

displaced due to the deformation of the structural members inside the chamber. If the deflection 

of the piston becomes comparable to the chamber height, the volume displaced by the piston 

becomes comparable with the initial volume of the chamber, and that effect should be taken 

into consideration, which will result in nonhnear behavior, i.e nonlinear compliance. 
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The generic duty cycle of the operation is shown in Figure 3-2. The average flowrate can 

be calculated using the following relationship: 

/•r/2 fT 

It is also important to note that: 

fT ,T/2 
/     Qindt = /       Q^tdt = 0 (3.13) 

T 
Integrating equation 3.11 from « = 0 to f = -, using equation 3.12 and arranging terms, 

we get the expression for the average flowrate as: 

Qave = Api,{Xm^ - Xmin)/ + Ceff{Pmax - Pmm)f (3.14) 

where Apis is the cross-sectional area of the piston and / is the operation frequency. The 
T 

same expression can be obtained by integrating equation 3.11 from t = — to t = T. The first 

term in equation 3.14 corresponds to the flowrate required to move the piston and squeeze 

the piezoelectric element.   The second term corresponds to the flowrate required due to the 

compliances in the chamber. 

3.2.3    Fluid Model 

The schematic of the device with pressures at different locations within the system is shown m 

Figure 3-3 where Pint-in is the mtermediate pressure at the exit of the inlet channel, and Pim-oMt 

is the intermediate pressure at the entrance to the outlet valve. Inlet and outlet channels have 

the same geometry. Details of the Simulink architecture is given in the Appendix A. 

Valve Orifice Flow Relations 

Work by previous researches has shown that for small openings, poppet valves, such as the 

valve cap in the active valves within the MHT systems, behave as long orifices in which the 

effects of flow separation and subsequent re-attachement dominate the valve flow dynamics [5]. 
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Figure 3-3: Device schematics showing pressures at different locations. 

QuaUtatively, the valve flow can be approximated by a simplified order-of-magnitude valve 

model. The valve orifice may be characterized as a flow contraction followed by a flow expansion 

as shown in Figure 3-4(a) and (b). An integral analysis gives a relationship for the combined 

effect of the flow expansion and contraction. The loss coefficient Cm-ifice is defined as the total 

pressure drop AP = PHPR — Pint (for the inlet valve) over the dynamic pressure based on the 

orifice local mean velocity {y- = ^) 

^orifice        -^   -2 

3 

2 I'     Ax      ^\      A2 
(3.15) 

where the upstream, throat and downstream flow areas can be approximated as: 

A2 = 2-KROCHC (3.16) 

Ao - 2TrRvcXvc (3-17) 

Ai = 7ri^, (3.18) 

respectively, where He is the height of the radial flow channel above the valve membrane, 

Xyc is the valve cap distance from the valve stop structure and Rvc is the radius of the valve 

cap. 

This approximation, however, is independent of the Reynolds number and therefore holds 

only for Re> 10,000, where the flow is in fully turbulent regime. In the MHT power generator, 

Reynolds numbers are expected to fluctuate between approximately 10 and 20,000 as the valves 
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Figure 3-4: Valve orifice representation: (a) Valve cap geometry and fluid flow areas, (b) Rep- 
resentation of flow through the valve as a flow contraction followed by a flow expansion. 

open and close. For this reason, correction factors obtained from experimental results need to 

be employed to obtain better estimates of the loss coefficients for these low turbulence and 

laminar flow regimes[4]. A loss coefficient for each of the contraction and expansion geometries, 

Camtraction ^^^ Cexp ansion' respectively, is uscd to approximate the total loss coefficient through 

the valve, as detailed in the following relation: 

Sort/ice       ^contToctionx'^i   A   )   >  QexpansionX^^} ~7~) (3.19) 

where Reynolds number is defined as: 

Re=i-^ 
TT RTJCI^ 

(3.20) 

Figure 3-5 (a) plots Ccontraction as a function of Reynolds number and contraction area ratio 

^, and Figure 3-5(b) plots Cexp ansion as a function of Reynolds number and the expansion 

area ratio ^. As a result, the pressure-flow relation for the full valve orifice geometry can be 

written as: 

^P-lpClrifice^^) (3.21) 

All subsequent fluid models discussed in this thesis incorporate these higher-order correction 

factors to obtain an accurate estimation of the flow behavior. These flow models are based on 

steady flow phenomenon and do not capture frequency dependent losses. For a specific value 

of valve cap opening at a given time during the cycle, a relationship therefore exists for the 
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Figure 3-5: Look-Up tables used for flow loss contraction and expansion coefficients. The loss 
coefficients are obtained from [51]. 

75 



instantaneous fluid flow through the valve as a function of the pressure drop across the valve. 

Equation 3.21 can be rewritten for mlet and outlet valves using the notation in Figure 3-3 

as: 

PHPR - Pint-init) = RiniQin, VOin)Q^^ (3.22) 

Pint-outit) - PLPR = RmitiQaut, VOout)Q'Lt (3.23) 

where Rin and Rcmt represent the flow resistances of the inlet and outlet valves, respectively, 

which are functions of the flowrate and the corresponding valve openmg at a given instant of 

time. 

Flow in the Channels 

Due to the high Reynolds numbers, the flow in the channels is expected to be inertia dominated. 

Furthermore, the compliance in the fluid channels is usually negligible due to the fact that the 

channels are surrounded by rigid walls and their volume is much smaller than that of the 

chamber. Under this assumptions the flow inside the channels is modeled as one dimensional 

inviscid and incompressible flow. The pressure-flowrate relationship in this case is given as: 

where / is defined as the fluid inductance inside the channel, p is the fluid density and Lc 

and Ac are the length and cross-sectional area of the fluid channel respectively. For the case of 

inlet valve and outlet valve fluid channels, the pressure-flow relations can be written as: 

Pint-ir.{t) - PcHit) = (^) ^ (3.25) 

PcHit) - Pnt-out{t) = (^) ^ (3.26) 

For a long channel with small cross-sectional area, one can expect fluid inertial effects to 
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play a significant role as the pressure difference builds up to accelerate the fluid slug into the 

chamber. Conversely, for short channels with large cross-sectional areas, the inertial effects 

are negligible and the pressure Pint-in and Pch or Pch and Pint-out will not differ much. It 

is important to consider inertial effects when designing hydraulic systems containing small 

channels. 

Governing Equations 

Combining equations 3.22, 3.23, 3.25, and 3.26 we can obtain the governing equations for the 

fluid flow in the system, which are integrated into the system level simulation, as: 

PHPR - Pchit) = RiniQin, VOin)Ql + (^) ^ (3-27) 

PcHit) - PLPR = RoutiQout, vo^,)Ql, + (^) ^ (3.28) 

Although not explicitly seen, the intermediate pressures can be easily calculated and mon- 

itored in the system level simulation, which are important in terms of stresses in the valve 

membranes and power consumption in the active valves since they are assumed to act on the 

valve cap, where the reservoir pressures are assumed to act on the membranes[6]. 

3.2.4    Circuitry 

The same circuit models presented in Chapter 2 will be used. 

3.3    Working Fluid 

Fluid properties which are important in terms of system performance are listed in Table 3.3 for 

alternative working fluids. The density of a working fluid effects the dynamic behavior of the 

system because of the fluid inductance in the fluid channels. A low density fluid is desirable 

since it would increase the bandwidth of the system. The viscosity of a working fluid effects 

the energy dissipated in the valves. A more viscous fluid would provide the same amount of 

flowrate with larger valves or valve openings, causing an increase in power consumption in the 
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Density[fcp/m^ Viscosity[Pa/s Bulk Modulus GPa 
Water 

Mercury 
Silicone Oil 

1000 
13,570 

760 

l.Oe-3 
1.5^3 
4.9e-4 

2.24 
25.0 

2.0(degassed) 

Table 3.1: Comparison of different working fluids 

Length of the piezoelectric cylinder 1mm 
Diameter of the piezoelectric cylinder 2mm 
Diameter of the piston 4.5mm 
Effective chamber compliance (Ceff) 2 X 10-18 m^/Pa] 
PHPR 2MPa 
PLPR OMPa 
Operation Frequency lOkHz 
Fluid channel length 1mm 
Fluid channel cross-section SOfim X 100 (im 
Piezoelectric Material PZN-15%PT 

Table 3.2: The geometry and operation conditions used in the simulation 

valves. The bulk modulus effects the system compliance. Silicone oil is chosen as the working 

fluid because of its low density, low viscosity and a bulk modulus comparable to that of water. 

3.4    Simulation and Analysis 

The equations presented in the previous section will be simulated using Simulink. The coupled 

equations used to simulate the system are 3.2, 3.3, 3.4, 3.11, 3.27, 3.28 and equations for the 

circuitry, which were given in Chapter 2. 

The simulation architecture is shown in Figure 3-6. For the analysis in this chapter, a 

representative system will be analyzed, for which the geometry and operation conditions are 

presented in Table 3.2. 

In the following analysis, the valve openings are imposed and reservoir pressures are as- 

sumed to be constant. The valve size and opening are adjusted such that the pressure in the 

energy harvesting chamber attains the high pressure reservoir pressure {PHPR) and low pressure 

reservoir pressure {PLPR) as its maximum and minimum pressures respectively. In other words, 

the pressure inside the chamber fluctuates between PHPR and PLPR. The valves operate 180° 

out of phase. 
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Figure 3-6: Simulation architecture used in Simulink. 

3.4.1    Energy Harvesting Chamber and Full Bridge Rectifier 

This section presents the simulation and analysis of the energy harvesting chamber attached to 

the full bridge rectifier using the model presented in the previous section. The time histories 

of the chamber pressure, fiowrate and piston deflection, which is equal to the deflection of the 

piezoelectric element, are shown in Figure 3-7. 

In order to imderstand the interaction between the hydrauhc/mechanical system and the 

circuitry, and its implications on flowrate and frequency for a given power requirement, it is 

worthwhile to investigate the plot of force on the piezoelectric element vs displacement of the 

piezoelectric element. This is shown in Figure 3-8. It is interesting to note that the curve in 

Figure 3-8 has the exact same shape of the force vs. displacement curve presented in Chapter 

2 for the case of the imposed force on a piezoelectric cylinder attached to a diode bridge. 

Prom this we can conclude that the force vs. displacement curve of a piezoelectric element 

attached to the full bridge rectifier does not depend on the time history of the applied force. 

So, the equations derived in Chapter 2 for the full bridge rectifier will be used here to derive 
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(a) Chamber Pressure 

3.5 
Time [lO-^s] 

Figure 3-7: Simulation of the energy harvesting chamber attached to the full bridge rectifier 
circuit. 
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the governing equations for required frequency, flowrate and system efficiency. 

For a given operation frequency and power requirement, the required cross-sectional area of 

the piezoelectric element can be obtained from equation 2.25 as: 

4:W 

(4 - «33)<^^-^p/ 
A=..     T. ._ (3.29) 

where W is the generated power, Lp is the length of the piezoelectric cylinder and / is the 

operation frequency. Since the maximum pressure in the chamber is PHPR, the cross-sectional 

area of the piston should be equal to: 

Api. = ^ (3.30) 

where aa is the depolarization stress of the piezoelectric element. Prom the results derived 

in Chapter 2, the total deflection of the piston/piezoelectric cylinder is given by: 

Axp = ^adLpisg + sg) (3.31) 

Using equations 5.31, 3.29, 3.30, and 3.31, the required flowrate for a given power require- 

ment and maximum chamber pressure can be derived as follows: 

Q =   .y^ + y    + CeffPHPRf (3.32) 
(^33 - S33)PHPR 

The first term in equation 3.32 corresponds to the flowrate which is required just to move 

the piston. The second term corresponds to the additional flowrate required due to the chamber 

compliance. If we consider the ideal case, where the chamber is not compliant, i.e Cgff — 0, 

the minimum required flowrate is given by 

2{s^ + sg)W 

In order to evaluate the performance of the energy harvesting chamber, we can define the 

efficiency of the chamber as follows: 
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Figure 3-8: Force vs.  displacement curve of the piezoelectric element from the simulation of 
the harvesting chamber attached to the full bridge rectifier. 

nch 
W Electrical Power Out 

Hydraulic Power In       QPHPR 
(3.34) 

In the extreme case, where the effective chamber compliance is zero, the eflBciency has its 

maximum value, which can be obtained from equations 3.32 and 3.34 as: 

"/c/imax 
2(^33 + ^33) 4-2fc|3 (3.35) 

It is interesting to note that the maximum efficiency of the chamber depends only on the 

couplmg coefficient of the piezoelectric material. This suggests that, regardless of the geometry 

and operation conditions, the above expression puts an upper bound on the system efficiency, 

which is only a function of the piezoelectric element chosen. It is important to note that the 

above definition of the efficiency corresponds only to the energy harvesting chamber. If the 

overall system is considered, the electrical power consumption in the active valves should be 

taken into consideration. 
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3.4.2    Energy Harvesting Chamber and Full Bridge Rectifier with Voltage 

Detector Circuit 

This section presents the simulation and analysis of the Energy Harvesting Chamber attached to 

the full bridge rectifier and voltage detector circuit. The geometry and the operation conditions 

are the same as in the previous section. The time histories of the chamber pressure, flowrate 

and piston deflection are shown in Figure 3-9. 

It is interesting to note that there are sudden pressure drops inside the chamber and the 

time histories of the chamber pressure and the piston deflection are quite different from the 

time histories presented in the previous section. The most important observation is that during 

the periods when the switch is on, the pressure decreases/increases suddenly because the fluid 

cannot fill/evacuate the chamber immediately due to the fluid inertia of the fluid in the channels. 

In order to understand the interaction between the hydraulic/mechanical system and the circuit, 

and its impUcations on flowrate and frequency requirements for a given power, we can investigate 

the force vs.displacement plot of the piezoelectric element which is shown in Figure 3-10. 

In Figure 3-10, the force vs. displacement curve of the piezoelectric element for this case 

is compared to the chamber attached to fuU bridge rectifier and to the case where the force is 

imposed on the piezoelectric element attached to the regular diode bridge and voltage detector. 

It is interesting to note that the new curve is much different than the imposed force case. 

In the latter case, which was discussed in Chapter 2, during the interval when the switch is 

on, the force is almost constant, and the portion of the curve corresponding to that period is 

almost flat. However, for the chamber, during the interval when the switch is on, the piezo 

becomes very soft, and the piston moves up or down very rapidly, which causes sudden pressure 

drops/rises inside the chamber, as can be seen in Figure 3-9. In order to analyze the behavior 

of the system, we can divide the time history into four periods, as shown in Figure 3-11. 

In the periods 1-2 and 3-4 the piezoelectric element is open circuited, and the deflections 

at the states 1 and 3 correspond to the deflection as if the material was short circuited and 

the same force as in 1 and 3 was applied. In other words, Fi,F3,xi, and 0:3 should satisfy the 

following equations. 
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(a) Chamber Pressure 

5.5 
(d)Voltage Detected 

Time [loA] 

Figure 3-9: Simulation of the energy harvesting chamber attached to the full bridge rectifier 
and voltage detector circuit. The time intervals between the dashed lines present the intervals 
where the switch(SCR) is in its "on" state. 
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Figure 3-10: Force vs. displacement curve of the piezoelectric element from the simulation of 
the energy harvesting chamber attached to the full bridge rectifier and voltage detector circuit. 
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Figure 3-11: Time histories of the force and deflection of the piezolelectric element. 
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xi = Fi-^ (3.36) 

s^ L 
xz = -Fa-^ (3.37) 

Ap 

Since in the periods 1-2 and 3-4 the piezoelectric element is open circuited, the slope of the 

force vs deOection curve in these periods is simply the open circuit stiffness of the piezoelectric 

element and the following equations should be satisfied. 

F2-Fi = -^ {x2 - XX) (3.38) 
'33-^P 

-F3-F4 = -D7-(a;3-X4) (3.39) 
S^^Lip 

In order to understand the behavior in the periods 2-3 and 4-1, let us consider the period 

2-3. At state 2, the pressure is maximum and at state 3, the voltage on the piezoelectric element 

is zero. In the period 2-3, there is abnost no flowrate, which suggests that the pressure change 

in the chamber in this period, which is the sudden pressure drop, is only because of the volume 

change due to piston movement. In other words, the pressures at states 2 and 3 should satisfy 

the following equation. 

P2-P3 = (X3-X2)^ (3.40) 

where 

P = T- (3-41) 

From equations 3.40 and 3.41, we can write: 

Similarly for the period 4-1, we can write: 

F2-F3 = (X3-X2)^^^ (3.42) 
Ceff 

F,-F, = {x,-x,)^-^ (3.43) 
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Figure 3-12: Force vs. displacement curve of the piezoelectric element and slopes at different 
periods of operations. 

We also know that: 

F2 = (TdAp      and      F4 = 0 

where ad is the depolarization stress of the piezoelectric element. 

(3.44) 

By solving equations 3.36, 3.37, 3.38, 3.39, 3.42, 3.43, and 3.44 we can determine the coor- 

dinates of the force vs. deflection curve of the piezoelectric element and we can also calculate 

the electrical energy stored per cycle, which is the area enclosed by the force vs. deflection 

curve, the effective coupling factor and system efficiency in terms of chamber geometry, piezo- 

electric cyhnder geometry, chamber compliance and maximum pressure inside the chamber. 

The force vs. displacement curve of the piezoelectric element and the slopes of the curve at 

different periods are shown in Figure 3-12. It is interesting to note that in this case, the force 

vs. deflection curve depends on the chamber compliance, whereas in the case of the energy 

harvesting chamber attached to the full bridge rectifier, the slopes were determined only by the 

piezoelectric material geometry and properties. 
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The coordinates of the force vs displacement curve are as follows: 

\CeffA, + Al,M2sg-sgyC.ffA, + Al,M-^sg-sg)) ^^"^^^ 

''^''     {   C.ffAp + Al,,Lp{2sg-sg)    'C.ffA, + Al,M-2sg-sg)) ^^"^^^ 

Using the coordinates of the points given in the above equations, electrical energy stored 

per cycle can be calculated as: 

p _ ^d^P-4p(4 - sg){ApCeff + sgAl,,Lp)iApCeff + sgA%,Lp) 
KsLp{2sg - sg) + CeffAp]^ (^-^^^ 

From equation 5.31 we can write the expression for the flowrate as: 

Qave = Apis{x3 - x{)f + CeffPnPRf (3.50) 

For a given power requirement W, we can determine the required frequency using: 

,     W 
f^-E (3-51) 

The required flowrate for a given power requirement can be derived from equations 3.45, 

3.47, 3.49, 3.50, and 3.51 as: 

O       =   ^[^3^3Ce//P^Pfl + alLpApsg{2sg - sg)] 
PHPR{C,ffPlpa + ^lLpApsg){sg - sg) + (3-^2) 

WPHPRCeff[CeffP%pn + CT^LpApjlsg - sg)f 
clApLpisg - sg,){CeffPJ,pj, + crlLpApsg)iCeffPl,pji + a^LpApsg,) 

In the extreme case where the effective chamber compliance is zero, namely Cgf/ = 0, the 
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expression for the required flowrate simply reduces to 

{2sg-sg)W ,      . 
Vmin — TE DTB  (,6.06) 

(S33 - S^3)PHPR 

Prom the above expression we can get the maximum system efficiency using the definition 

given in equation 3.34 as 

_   (^33 ~ ■^33)   _      ^33 (o C4'\ 

^^Sgg - S33J 1 -t- K33 

where, as in the previous section, the maximum efficiency depends only on the coupling 

coefficient of the piezoelectric material. 

Figure 3-13 shows the force vs. deflection curve of the piezoelectric element for different 

values of chamber compliance. It is interesting to note that, as the chamber compliance in- 

creases, the curve approaches the curve for the case where the force is imposed. One might 

think that having large compliance would have a positive effect on system performance, since 

the area inside the curve, which is the electrical energy stored per cycle, increases with increas- 

ing compliance. For a given power requirement lower frequencies and lower flowrates would be 

required. However, as the compliance increases, the required flowrate increases dramatically 

due to the second term in equation 3.50. This effect overwhelms the effect of decreased flowrate 

due to lower frequency requirement and the maximum system efficiency occurs again for the 

case where the chamber compliance is zero. The two extreme cases, namely Ce// = 0 and 

C^ff = 00 are shown in Figure 3-13 (b). 

The effective coupUng factor from mechanical to electrical energy was defined in Chapter 2 

and the expressions were derived for different circuits for the imposed force case. For the case 

of the energy harvesting chamber attached to the full bridge rectifier, the effective coupling 

factor is the same as the one for the imposed force case since for the full bridge rectffier, the 

force vs. displacement curve doesn't depend on the time history of the force on the piezoelectric 

element. However, it was found that, the force vs. displacement curve for full bridge rectifier 

and voltage detector depends on the time history of the force on the piezoelectric element, and 

in this case the curve depends on the chamber compliance. The effective coupling factor was 

defined in Chapter 2. Prom Figure 3-13 we can write: 
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(a) Effect of effective compliance 
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(b) Energy Conversion Efficiency 
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Figure 3-13:   The effect of effective chamber compHance on force vs.   deflection curve and 
effective coupling factor. 
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The effective coupling factor can be calculated using the coordinates of the force vs. de- 

flection curve. For the case where the effective chamber compUance is infinity, the effective 

coupUng factor is: 

Ceff = 00 -> k^j^ - —g -^ (3.5bj 
^*33      *33 

for which case the electrical energy stored per cycle is: 

£^(Ce,,=oo) = (^1 - 4iVdA^^v (3-57) 

which is the same amount of energy stored for the case of imposed force on piezoelectric 

element with the same circuitry. 

For the case where the effective chamber compliance is zero, the effective couphng factor 

becomes: 

Ce// = 0^^f,, = ^^ (3.58) 
OS33 ZSgg 

for which case the electrical energy stored per cycle is: 

c '^d^p^p(^33 " ^33)^33^33 lr> cQ-v 
^(^e,,=o) = (24_.f3)2 (3.59) 

3.5    Discussion 

This section presents a comparison of circuitry and piezoelectric materials in terms of their effect 

on important performance metrics such as flowrate, frequency and efficiency using the results 

obtained in previous sections of this chapter. Let us consider the system analyzed in Section 

3.4, for which the geometric parameters were given in Table 3.2. Now, however, the effective 

chamber compliance will be varied and its effect on system performance will be investigated. 

This could be accomplished, for example, by changing the thicknesses of the structural members 

or by changing the chamber height. For a power requirement of 0.5PF, the required frequency 
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Figure 3-14: Flowrate and frequency requirement for 0.5 W power requirement. 

and flowrate is plotted as a function of effective chamber compliance in Figure 3-14. It can be 

noted from Figure 3-14 that the frequency requirement for the full bridge rectifier case does 

not depend on effective chamber compliance since the force vs. displacement graph is the same 

for any chamber compliance and the energy stored per cycle depends only on the maximum 

stress on the piezoelectric element and piezoelectric material properties. However, since the 

force vs. displacement curve for the rectifier with voltage detector case depends heavily on the 

effective chamber compliance, the electrical energy stored per cycle depends on the compliance. 

So, for a given power requirement, the required frequency depends on the effective compliance 

as well. In terms of flowrate requirement, it can be easily seen that, as the system gets more 

compliant, the required flowrate increases dramatically. It should be pointed out that, for a 

microfluidic device, even flowrates on the order of Iml/s can be considered very high, and 

special high performance microvalves are needed. It is obvious that, prediction of the effective 

chamber compliance will constitute a crucial part of the modelling and design process. This 

will be addressed in Chapter 4. 

The system efficiency, which was defined in equation 3.34 is plotted as a function of the 

effective chamber compliance in Figure 3-15. It can be noted that, as the effective chamber 

compliance gets smaller and smaller, in other words, as the chamber gets less and less compliant, 

the efficiency values approach their maximum values which were given in equations 3.35 and 

92 



Ce£F[nl'/Pa] 

Figure 3-15: System efficiency as a function of the eflFective chamber compUance. 

3.54 for the rectifier and rectifier and voltage detector circuit cases respectively. As mentioned 

earlier, these maximum efficiency values depend only on the piezoelectric material used. 

Using the relations derived in previous sections, we can also compare different piezoelectric 

materials in terms of flowrate and frequency requirements and system efficiency. Again, let's 

consider the same system for the Q.5W power requirement. Figure 3-16 shows the required 

flowrates for different piezoelectric materials and different circuitry as a function of effective 

chamber compliance. It should be noted that for each piezoelectric material, the piezo diameter. 

Dp, is adjusted such that at the maximum chamber pressure, the stress on the piezoelectric 

element is equal to its depolarization stress, ad- The required flowrates for the rectifier circuit 

with voltage detector are significantly less than the case with just the rectifier. It can be also 

observed that PZN-PT requires the least flowrate and PZT-8 requires the most flowrate at low 

compliance values. 

The required frequencies for different piezoelectric materials are shown in Figure 3-17. As 

mentioned earlier the required operation frequency in the case of rectifier circuit is constant, 

regardless of the effective chamber compliance. Since the force vs. displacement curve in the 
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Figure 3-16: Required flowrates for 0.5 power generation. Comparison of different piezoelectric 
elements and different circuitry. 

case of the rectifier and voltage detection circuit depends heavily on the effective chamber 

compUance, the required frequency for a certain power requirement depends on the effective 

chamber compUance. Since the materials PZT-8 and PZT-4S have very high depolarization 

stresses compared to PZT-5H and PZN-PT, the electrical energy stored per cycle for PZT-8 

and PZT-4S is much larger, which means reduced frequency requirements for the same power 

requirement. For example, although PZN-PT has the highest coupling coefficient(fc33 = 0.89) 

among the piezoelectric materials discussed here, it requires higher operation frequencies due 

to its low depolarization stress. 

Figure 3-18 shows the system efficiency for different piezoelectric materials and circuitry. It 

can be seen that, the chamber with the rectifier circuit and voltage detector is more efficient 

than the case with the rectifier. As the effective compliance gets smaller and smaller, the 

system efficiencies approach their maximum value, which are given by equations 3.35 and 3.54 

for rectifier and rectifier with voltage detector cases respectively. As expected, PZN-PT is the 

most efficient material due to its high coupling coefficient(fc33 = 0.89) and PZT-8 is the least 

efficient material due to its low coupling coefficient(A;33 = 0.64). Although PZT-8 is the least 

efficient one, it might be a better suited material since the system with PZN-PT has very high 
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Figure 3-17: Required frequencies for the 0.5W power requirement. Comparison of different 
piezoelectric materials and circuitry. Note that the required frequency in the case of regular 

rectifier is independent of the chamber compUance. 
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Figure 3-18: Comparison of different piezoelectric materials and circuitry in terms of system 
efficiency. 

frequency requirements. The material selection process should address the design trade-ofis 

and should take the remaining components of the system, for example the active valves, into 

consideration. One might choose to use PZN-PT which requires very high frequencies, but 

this frequency can exceed the bandwidth of the active valves. This issue will be addressed in 

Chapter 5. 

One should remember that the analysis of the chamber attached to the rectifier and the 

voltage detector presented in this chapter assumed that the impedances (inductances) of the 

fluid channels are large enough such that there are sudden pressure drops inside the chamber 

and the governing equations are derived assuming that in the time interval where the SCR is 

in its "on" state, there is no net flowrate into the chamber. 

3.6    Siunmary and Conclusion 

This chapter presented a simple analysis of the energy harvesting chamber and a case study 

using a simulation for a predetermined chamber geometry and operating conditions. The in- 

teraction between the chamber and the circuitry has been investigated. Some of the important 

performance metrics derived in the previous sections are summarized in Table 3.3. 
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Effective Coupling Factor 

Minimum Required Flowrate 

Maximum System Efficiency 

Rectifier 

.2     _    ^^33 

^min — 

33 

klsPHPR 

^33 
2fc33 

Rectifier+Voltage Detector 

A;? ^"'SS 
'eff{C,ff=0)        2fc|3 + 1 

t^min — 

v = 

khPnPR 

^33 

1 + "'33 

Table 3.3: Summary and comparison of circuitry in terms of performance indices 

The first row siunmarizes the expressions obtained for the effective coupling factor for the 

two circuits analyzed in this chapter. The second expression in the first row represents the effec- 

tive coupling factor for the rectifier with voltage detection circuit for the case where Ce// = 0, 

which corresponds to the most efficient operation condition for the energy harvesting chamber. 

However, maximum effective coupling factor for this circuit occurs when Cg// = oo, which is 

the same as the effective coupling factor of the same circuit for the appUed force case, which 

was presented in Chapter 2. The effective coupling factor for the full bridge rectifier case is the 

same regardless of the effective compUance of the energy harvesting chamber. The second row 

presents the mmimum required flowrate for a given power requirement and maximum pressure 

in the chamber. The third row represent the maximum system efficiency. The second and 

third rows correspond to the case where Ceff = 0. As mentioned earlier, the maximum system 

efiiciency of the energy harvesting chamber depends only on the piezoelectric material chosen, 

namely the coupling coefficient(fc33). The expressions are plotted as a function of the coupling 

coefficient in Figure 3-19. A comparison of different piezoelectric materials is also made on the 

same plot. 

The expressions for the maximum system efficiency in Table 3.3 put an upper limit on the 

system efficiency. It is interesting to note that, at ^33 = 1 the two curves reach the same point, 

which is 50% efficiency. This means that, even with a perfect piezoelectric material(fc33 = 1) 

and zero effective compUance, which are not possible, the system efficiency cannot exceed 50%. 

The most important conclusion of this chapter is that the performance of the energy har- 

vesting chamber depends on 
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Figure 3-19:   Maximum system efficiency(which corresponds to the case where the effective 
compliance of the chamber is zero)as a function of the coupUng coefficient. 

- Rectification circuit topology 

- Piezoelectric material (^33, ad) 

- Chamber compliance(Ce//) 

Again it should be emphasized that the efficiency definition in this chapter corresponds only 

to the energy harvesting chamber. The electrical power consumption in the active valves is not 

considered. 
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Chapter 4 

Detailed Model of the Energy 

Harvesting Chamber 

This chapter presents the detailed modelling of the energy harvesting chamber. In Chapter 

3, an eflFective chamber comphance (Ce//) based on a typical MHT device was assumed to 

be used in the simulation and the effect of comphance on system performance was analyzed. 

This chapter investigates the contribution of different structural components on the effective 

compliance of the chamber. It also presents the simulation architecture used for integrating 

elastic equations into the system level simulation. 

4.1    Analysis of a Simplified Chamber Structure 

Consider a simple circular chamber structure consisting of a fluid chamber and rigid walls, 

except the top portion of the chamber, as shown in Figure 4-1. The compliant portion can 

be modeled as a clamped circular plate which deforms under the action of uniform pressure 

underneath. For small deflections, the deformation of the top plate can be assumed to be linear 

and can be analyzed using Unear plate theory [50]. 

For a uniform pressure distribution P and a radius of a, the deflection of the top plate as a 

function of the radial distance is given as: 

^{r)==-^{c?-r^f (4-1) 
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Figure 4-1: (a) Simplified chamber structure consisting of a fluid chamber with a compliant 
wall (b) Deformation of the top plate and swept volume. 

where D is the flexural rigidity of the plate given by: 

D = 
Et^ 

(4.2) 12(1 - z/2) 

where E and v is the Young Modulus and Poisson ratio of the material respectively, and t is 

the thickness of the plate. The additional volume created in the chamber due to the deformation 

of the plate can be calculated by integrating equation 4.1 over the plate: 

Jo l6Et^ 

The structural compliance was defined in Chapter 3 as: 

(4.3) 

C,= 
AP (4.4) 

which represents the volume change of the chamber due to structural deformations in re- 

sponse to a change in chamber pressure. In this simple example, the top plate is the only 

compliant structural member. Using equations 4.4 and 4.3, the structural compliance can be 

calculated as: 

^' ~      VoEi^ 

The effective chamber compliance can be obtained as: 
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Figure 4-2: Comparison of fluidic and structural compliances for a generic chamber structure 
at different chamber diameters for fixed chamber height and top plate thickness. 

^eff a-^( + ^ 
Pf 16Et^ 

(4.6) 

where Vo is the initial fluid volume inside the chamber, I3f is the bulk modulus of the fluid 

and h is the height of the chamber. 

Consider a chamber with top plate thickness of 500^m and chamber height of 200jLtm. 

Figure 4^2 shows a comparison of fluidic and structiual comphances for different chamber 

diameters. It can be seen that, for small chamber diameters, the compUance of the chamber 

is dominated by the fluidic compliance, whereas at large chamber diameters the structural 

compliance dominates. However, it should be noted that, if all the geometric parameters are 

scaled the same amount, the ratio of the fluidic and structural compliances will remain the 

same. This issue will be discussed further in Chapter 5. 
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4.2    Detailed Analysis of Structural Components 

A simplified chamber structure consisting of a compliant top plate and a fluidic chamber has 

been analyzed in the previous section. This section will present detailed analysis of individual 

structural compliances of the energy harvesting chamber which will include the deformation of 

the top and bottom support structures, deformation of the piston and bending of the tethers. 

Figure 4-3 shows geometric parameters of the structural components, corresponding deforma- 

tions and the free body diagrams which will be used in the formulations of the governing 

equations. 

These deformations inside the energy harvesting chamber can be adequately represented 

by the linear plate theory [50]. Each component will be modeled as a plate with applied 

loading and boundary conditions to determine the deflections and swept volumes. In general, 

a symmetrically loaded circular plate will experience deflections due to bendmg as well as 

shearing. If the plate thickness is small compared to the plate outer radius, the deflection due 

to bending will be significantly larger than that due to shearing. Since the radii of the structural 

components analyzed are larger than the corresponding thicknesses, deformations only due to 

bending will be considered. 

4.2.1    Top Support Structure 

The top support structure is modeled as a clamped circular plate which deforms under the 

action of a uniform pressure distribution underneath. The governing differential equation for 

the symmetrical bending of a circular plate is given as: 

dr 
■ldfdw{r)\]      Q{r) 

where D is the flexural rigidity given in equation 4.2, w{r) is the deflection of the plate, and 

<5(r) is the shear force per unit length. For a uniformly loaded circular plate the shear force 

per unit length is given as: 

Qir) = ^ (4.8) 

where P is the pressure. The boundary conditions are: 
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Figure 4-3: (a) Schematic illustrating the dimensional parameters of the chamber, (b) deforma- 
tion of structural components and sign conventions, (c) free body diagrams and sign conventions. 
Deflections are exaggerated. 
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w{r = a) = 0 (4.9) 

dw, . 
—{r = a) = 0 (4.10) 

dw , „^ „ 
— (r = 0)==0 (4.11) 

By integrating the governing differential equation and applying the boundary conditions, 

the deflection of the plate w{r) can be determined as: 

The deflection of the midpoint of the top support structure can be obtained by calculating 

the deflection of the top plate at r = 0 : 

^*P = iel^s  = kdtpPch (4.13) 

where kdtp depends only on the chamber diameter and the top plate thickness. 

The corresponding swept volume can be calculated by mtegrating equation 4.12 over the 

plate as: 

where ktp depends only on the chamber diameter and the top plate thickness. 

Equations 4.12 and 4.14 are the same equations used in the previous section. 

4.2.2    Bottom Support Structure 

A rigid bottom structure beneath the piezoelectric element would ensure that all of the deflection 

of the piston goes into the compression of the piezoelectric element. In reality, this structure is 

not rigid and as a result this bottom structure deformation results in less compression of the 

piezoelectric element at a given chamber pressure. 
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Figure 4-4: Model of the bottom support structure: circular plate with a circular hole at its 
center with guided boundary condition at inner radius b and clamped boundary condition at 
outer radius a. 

The bottom support structure is modeled as a circular plate with a circular hole at the 

center which is clamped at its outer radius (r = a) and guided at its inner radius (r = 6), 

shown in Figure 4-4. In this case the shear force per unit length is given as: 

Q{r) 
2iTr 

(4.15) 

where Fp is the force acting on the bottom support structure through the guided support in 

the inner radius (r = 6). The boundary conditions are: 

w{r = a) = 0 (4.16) 

dw 
dr 

(r = a) = 0 (4.17) 

dw 
dr 

r - 6) = 0 (4.18) 

The deflection of the bottom plate, Xb, can be calculated by integrating equation 4.7 and 

applsing the boundary conditions to obtain: 

Xb = kbFp 
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where fcj, is the stiffness of the bottom plate which depends on the thickness of the bottom 

plate, tbot, inner radius (b = Dp/2), and outer radius (a = Dch/2). 

4.2.3    Piston 

The piston is modeled as a circular plate with a circular hole at the center which is simply 

supported at its outer radius (r = a) assuming that the tethers exert insignificant bendmg 

moments on the piston at its outer radius, and guided at its inner radius (r = b), shown in 

Figure 4-5. In this case the shear force per unit length is given as: 

^^ '     27rr       2 (4.20) 

where Fp is the force acting on the piston through the guided support in the inner radius 

{r^b). 

The boundary conditions are: 

w{r = a) = 0 (4.21) 

Mr{r = a) = -D /^^^(^ = °) ^ vdw{r = a)\ ^ ^ 
V       dr^ r       dr      J (4.22) 

iw(r) 

Pch 
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Hi i lliiTl 1 i 11 1 ij 

IPiezo 
h 1^ 
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Figure 4-5: Model of the piston: circular plate with a circular hole at its center with guided 
boundary condition at inner radius b and clamped boundary condition at outer radius a. 
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^(r = b)=0 (4.23) 
dr 

where Mr denotes the bending moment per unit length along circumferential sections of the 

plate. The deflection of the piston and the corresponding swept volume can be calculated by 

integrating equation 4.7 and applying the boundary conditions to obtain: 

Xpb = Xpis -xte = kpiFp + kp2Pch (4.24) 

AVpb = kpsFp + kpiPch (4-25) 

where A;pi,fcp2,fcp3,and kpi depend on the thickness of the piston, tpis, inner radius (6 = 

Dp/2), and outer radius (a = Dpis/2). The dynamics of the piston can be represented using 

the free body diagram in Figure 4^3 as: 

Mpis^^^-ApisPch + Fp-Fte = Fnet (4.26) 

4.2.4    Piston Tethers 

In this section, tethers corresponding to a double layer piston structure will be analyzed which 

consist of a top and bottom tether structure. In order to allow for flexibility in design, the 

top and bottom tethers are defined to have different thicknesses {ttetop,ttobot)- The top tether 

is modeled as a circular plate with a circular hole at the center which is clamped at its outer 

radius and guided at its iimer radius, shown in Figure 4-6. It experiences a concentrated force, 

Ftetop, at its inner radius and a uniform pressure loading, Pch- The shear force per unit length 

is given as: 

n(r) = ^^ - ^-^^^^^ ~ ^'^ (4.27) 

The boundary conditions are: 

w (r == a) = 0 (4.28) 
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Figure 4-6: Model of the top tether: circular plate with a circular hole at its center with guided 
boundary condition at inner radius b and clamped boundary condition at outer radius a. 

dw 
dr 

(r = a) = 0 (4.29) 

dw 
dr 

{r = b) = 0 (4.30) 

The deflection of the top tether and the corresponding swept volume can be calculated by 

integrating equation 4.7 and appljdng the boundary conditions to obtain: 

^te = kuiFtetop + htiPch (4.31) 

AVte = htzFtetop + ktuPch (4.32) 

where fctti,fett2,fctt3,and, ktu depend on the thickness of the top tether, ttetcyp, inner radius 

(6 = Dpis/2), and outer radius (a = Dch/2). 

Since the tethers are much thinner than the support structures and the piston, it is important 

to consider the stress in the tethers and make sure that they don't exceed the critical value of 

IGPa [7]. For a circular plate subject to symmetrical bending, the two stress components can 

be calculated as: 

(Tr = — 
6Mr 

(4.33) 
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.. = -^ (4.34) 

where Mr and Mt are the bending moment per unit length along the circumferential sections 

of the plate and along the diametral section of the plate respectively, and h is the thickness of 

the plate. The bending moments are obtained as: 

dr        dr^ J 
M, = -D(^1^ + U^] (4.36) 

where D is the flexural rigidity of the plate. Using the equations 4.33, 4.34, 4.35, 4.36, the 

stress components can be calculated after the governing plate equation 4.7 is integrated using 

appropriate boundary conditions and the deflection of the plate, w, is determined. As will be 

seen later in the next chapter, ar is generally bigger than at and the maximum stress occurs at 

a = Dch/"^- Then we can write the maximum stress in the top tether as: 

6Mr{r = Dch[2) 

which can be alternatively expressed as: 

au = 72  \^-^') 
''tetop 

cru = SttiFtetop + smPch (4-38) 

where stti and Stt2 depend on the thickness of the top tether, ttet<^, inner radius (6 = Dpis/2), 

and outer radius (a = Dch/2). 

The bottom tether is modeled in the same way as the top tether, except it experiences only 

a concentrated force, Ftebot, at its inner radius and no pressure loading. The shear force per 

unit length is: 

Q(r) = ?^ (4.39) 
ZTrr 

The boundary conditions are the same as the boundary conditions for the top tether. The 
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deflection of the bottom tether, which is equal to the deflection of the top tether can be obtained 

by integrating equation 4.7 and applying the boundary conditions to obtam: 

Xte = hhFtebot (4.40) 

where fcji depends on the thickness of the bottom tether, ttebou inner radius (6 = Dpis/2), 

and outer radius (a = Dch/2). 

Similarly, the stress in the bottom tether can be calculated as: 

O^tb = StbFtebot (4.41) 

where s^ depends again on the thickness of the bottom tether, ttebot, inner radius (6 = 

Dpis/2), and outer radius (a = Dch/2) 

We can also write: 

Fte = Ftetop + Ftebot (4-42) 

which represents the force balance at the connection point of the tethers with the piston. 

Detailed derivations of the elastic equations of the structural components are detailed in 

Appendix C. 

4.3    Simulation Architecture 

This section will present the simulation architecture used for integrating the elastic equations 

into the system level simulation. 

Chamber Continuity 

The continuity equation was derived in the previous chapter. In this section a more detailed 

equation will be derived considering the volume displaced in the chamber due to deformations 

of individual structural members. In the previous chapter, all the volume displaced by de- 

formations was analyzed as a bulk value, namely AVs, and was used to define the structural 

compliance, Cs- Rewriting equation 3.5, we have: 
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dt        Vo dt ^ '    ' 

where /3y is the bulk modulus of the fluid, Vo is the initial volume of the fluid inside the 

chamber and — is the rate of the volume change of the fluid. Sotuces of the volume change 
dt 

are net flowrate into the chamber, piston movement and additional volume created inside the 

chamber due to structural deformations.   Considering these effects and integrating equation 

4.43, we can write: 

P,h = ^(f\Qin-Qaut)dt + AVpis + AVpb + AVte-AVtp^ (4.44) 

where AVpis, AVpt, AVte, AVtp represent the swept volume due to the motion of the piston, 

deformation of the piston, deformation of the top tether and deformation of the top support 

structure respectively. The swept volume due to the motion of the piston is simply equal to: 

AVpis ^ XpisApis (4-45) 

where Apis is the area of the piston. By arranging equation 4.44 we can obtain: 

Pch =  (^ + ^tp)        ( / (Qin - Qaut)dt + XpisApis + AVpb + AVte) (4.46) 

where Ctp represents the structural compliance corresponding to the deformation of the top 

support structure, which is given by equation 4.5. 

Piezoelectric Cylinder 

For a cross-sectional area of Ap and length Lp, the net deflection of the piezoelectric element 

and the voltage across it can be expressed using linear constitutive relationships as: 

Xb-Xpis = ^{sgFp + ^Qp) (4.47) 
/ip £33 

V, = ^{fFp-±.Qp) (4.48) 
-^p =^33 ^33 
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where Qp is the charge on the piezoelectric element. 

Equations 4.13, 4.14, 4.19, 4.24, 4.25, 4.26, 4.31, 4.32, 4.38, 4.40, 4.41, 4.42, 4.44, 4.47, and 

4.48 (ISeqns) can be solved for the 15 unknowns, namely Vp, xtp, AVtp, AVte, AVpb, xj, xte, 

Fte, Fte-top, Fte-bot, o^tt, (Ttb, Fp, Pch, and Fnet in terms oiQp,Xpia, and Qnet where 

Q 'net ■■ fiQi 
Jo 

■ Qout)dt (4.49) 

which represents the net fluid volume change inside the chamber due to the fluid flow into 

and out of the chamber [52]. The elastic equations along with the chamber continuity equation 

and piezoelectric element constitutive relationships are solved in Maple and the coefficients 

{An, An ■■■) of the 15x3 matrix required by the simulation architecture, shown in Figure 

4-7, is calculated. The coefficients are then processed in a Matlab code to generate the 15x3 

matrbc, which is fed to Simulink. The details are presented in Appendix B and Appendix C. 

The Simulink blocks of the system model are presented in Appendix A. 

The matrix equation solved in Simulink is as follows: 

Vp An A12 Ai3 

Xtp A21 A22 A23 

AVtp A31 A32 A33 

AVte M\ A42 A43 

AVpb >l51 A52 A53 

Xb A^\ Ae2 Aes 

Xte An A72 A73 '  Qp 

Fte = Mx A82 Ass Xpis 

Fte-top An A92 A93 Qnet 

Fte-bot Aioi -^102 ^103 

Ott Am An2 Ans 

(Ttb Am A\22 Al23 

Fp Am Ayyi Am 

Pch Am A\/a Am 

Fnet Al5\ Al52 A153 

(4.50) 
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Figure 4-7: Simulation architecture used to integrate the elastic equations into system level 
simulation. 
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where the matrix coefficients are calculated using Maple. 

The simulation architecture £illows for integration of the elastic equations into the dynamic 

simulations as well as for monitormg unportant parameters like deflections and swept volumes 

of the individual structural components and stresses in the tethers. 

4.4    Conclusion 

This chapter presented detailed analysis of the energy harvesting chamber in terms of the 

deformations of individual structural components. The deformations are analyzed using linear 

plate theory It is assumed that the deflections due to bending are significantly larger than 

those due to shearing. A simulation architecture is presented to be included in the overall 

system level simulation, which allows for inclusion of the elastic equations into the dynamic 

simulation and allows for monitoring important parameters. 
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Chapter 5 

Further Design Considerations and 

Design Procedure 

This chapter presents further design considerations in addition to those issues discussed in 

Chapter 3. These are fluidic oscillations within the system, chamber filling and evacuation, 

tether structure optimization and the effect of operation conditions and geometry on system 

performance. At the end of the chapter, a design procedure along with two design examples 

and simulation results will be presented. The system is analyzed only for the case where the 

chamber is attached to the regular bridge. 

5.1    Further Design Considerations 

5.1.1    Fluidic Oscillations 

Inertial effects should be considered when designing hydraulic systems containing small chan- 

nels. In fact, in the MHT devices, the fluid charmels and the main chamber constitute a 

resonating system similar to a Helmholtz resonator, shown in Figure 5-1, which comprises a 

fluid channel and a chamber with an effective compliance C. The natural frequency of the 

Helmholtz resonator can be calculated by considering the free-body diagram of the fluid slug 

within the channel. The equation of motion of the fluid slug can be written as: 
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Figure 5-1: Helmholtz Resonator. 

P^^c-^ + PAc = 0 (5.1) 

where P is the pressure inside the chamber which builds up as a result of the additional 

fluid flow into the chamber, which can be expressed as: 

P = -^ (5.2) 

Combining equations 5.1 and 5.2 we can obtain the governing equation for the Helmholtz 

resonator as: 

The natural frequency of the resonator can be easily obtained from equation 5.3: 

"" = V ^ (5-4) 

We can conclude that the natural frequency of the oscillations similar to Helmholtz res- 

onator within the system depends on the channel geometry(^ ratio), the compliance of the 

chamber and the density of the working fluid. The chamber compliance here refers to the over- 

all chamber, including the compression of the piezoelectric element. In Chapter 3, an effective 

chamber compliance, Ce/f, was defined which took only the structural deformations and fluid 

compression into account, but not the compression of the piezoelectric element. In the context 

of this discussion, it is convenient to define an overall chamber compliance, C, which includes 
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the structural deformations, fluid compression, and the deformation of the piezoelectric element. 

The overall chamber compUance in this case can be defined as: 

^  AVf  _ iJQin - Qout)dt ,^ g. 

APch APch 

where AVf is the fluid volmne change in tjie chamber due to the fluid flow. In fact, this 

comphance is not a constant value in the actual power generator since the stiffness of the 

piezoelectric element changes constantly (the stiffness flips between open-circuit and close- 

circuit stifl&iesses of the piezoelectric element) during the operation, as discussed in Chapter 2 

and Chapter 3. In the following two subsections, the fluidic oscillations will be analyzed for two 

cases. In the first case, a constant overall chamber compliance will be assumed for simpUcity 

and in order to get insight, and in the second case the actual system, i.e. the chamber attached 

to the rectifier circuit will be analyzed in terms of fluidic oscillations. 

Analysis with Constant Overall Chamber CompliEince 

Consider a chamber with constant overall chamber compliance, C = 10~^'^[m^/Pa], as defined in 

equation 5.5. Figure 5-2 shows the simulation of the system for different chamber geometries, i.e. 

for different Lc/Ac ratios. In the simulation, the operation conditions, valve size and openings 

are adjusted such that the chamber pressure fluctuates between PHPR and PLPR for the case 

where the inertial effects in the channels are negligible. These conditions are: PHPR = 2MPa, 

PLPR = 0, / = lOkHz, R^c = 200/xm, voin = voout = 20/Ltm, and the working fluid is silicon-oil. 

It can be see that there exists an optimum Lc/Ac value for which the difference between 

the maximum and minimum pressures, i.e. the pressure band, APch, is maximum. This value 

is approximately 25000(l/m). The pressure band is not very sensitive to Lc/Ac around the 

optimum value, i.e. Lc/Ac = 24000 or Lc/Ac = 26000 results pretty much in the same pressure 

band. In fact, the optimum value of the Lc/Ac can be approximated using equation 5.4. Figure 

5-3 shows the inlet fiowrate time histories from the simulation. It can be seen that, the fluid 

inductance in the channel causes the flow to lag, i.e. the flowrate reaches its maximum at a 

later time compared to the case where the fluid inductance is negligible. 
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Figure 5-2: Simulation of the chamber with constant overall compliance for different channel 
geometries. 
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Figure 5-3: Comparison of flowrate time histories for different L/A ratios. 
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Figure 5-4: Simulation of the chamber attached to circuitry for different channel geometries. 

Anedysis of the chEimber attached to circuitry 

Consider the chamber geometry, effective compliance and operation conditions presented in 

Table 3.2 of Chapter 3. Figure 5-4 shows the simulation of the same geometry for different 

Lc/Ac ratios. Again, the valve size and opening is adjusted such that the chamber pressure 

fluctuates between PHPR and PLPR for the case where the inertial effects in the channels are 

negligible. These conditions are: PHPR = 2MPa, PLPR = 0, / = lOkHz, Rue = 200/im, 

voin = voout = 20fj,m, the working fluid is silicon-oil, and the battery voltage, Vj, is QOF, which 

is optimized for a pressure band of 2MPa. Similar to the case where a constant overall chamber 

compliance was assumed, there exists an optimum Lc/Ac value for which the difference between 

the maximima and minimum pressures, i.e. the pressure band, APch, is maximum. 

Figure 5-5 shows the effect of LjAc ratio on pressure band and generated power. Through- 

out the simulations the battery voltage was not changed. In fact, in a design, the battery 

voltage should be determined according to the expected pressure band, which determines the 

stress band on the piezoelectric element. For example, for the optimum Lc/Ac ratio, the pressure 

band is 2.435MPa, which suggests a battery voltage of approximately 125^. If the simulation 

is repeated with this value, the pressure band is now 2.472MPa, which is slightly different than 
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Figure 5-5: Effect of L/A ratio on pressure band and generated power. 

the previous value, and the generated power is 0.1068W. The slight change in the pressure band 

suggests that the change in the battery voltage caused a small change in the overall chamber 

compUance, because it basically determines the voltage level where the piezoelectric element 

will change its stifiFness, and therefore effects the time mtervals in which the piezoelectric ele- 

ment posses the different stiffnesses. The expression for the optimum battery voltage was given 

in Chapter 2 as: 

4 ^33 

which can be written in terms of the pressure band in the chamber as: 

V =      A^chApis (S33 — S33)Z<p 

^33 
(5.7) 

where Api, and Ap are the piston area and the cross-sectional area of the piezoelectric 

cylinder respectively, and ACT is the stress band on the piezoelectric element. It should be 

noted that, when writing equation 5.7 the effect of tethers and piston dynamics is neglected. In 

other words, static force balance between the piston and piezoelectric element is assumed and 

the force applied by the tethers on the piston is neglected. This issue will be addressed later. 

We can conclude that, for a given overall chamber compliance there exists an optimum 

Lc/Ac ratio at a certain operation frequency, or similarly, there exists an optimum operation 
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frequency for a certain overall compliance and LjAc ratio. The fiuidic oscillations should be 

considered in any design procedure and the channels should be designed accordingly. This will 

be addressed later in the discussion of the design procedure. 

The overall chamber comphance was defined as the compUance of the chamber including 

the compliances due to structural deformations and fluidic compliance, which is represented by 

the eflFective comphance, C^ff, and the compliance due to the deflection of the piezoelectric 

element. The compUance due to the deflection of the piezoelectric element can be calculated 

considering the volume displaced by the piston due to the deflection of the element as a response 

to the pressure change in the chamber: 

„     AVpis   iXXpApis     V        fep        /    -"-pis /c o\ 

^P" A^ ~    APcft    ~ AFeh ~   h ^' ' 

where kp is the stiflEness of the piezoelectric element, which can be expressed as: 

kp = ^ (5.9) 

where Ap and Lp are the cross-sectional area and the length of the piezoelectric element 

respectively, and S33 is the compliance coefiicient of the element. As mentioned earlier, the 

stiffness of the piezoelectric element changes constantly during the operation between the open 

circuit and closed circuit stiffnesses, which should be calculated using s^ and s^ respectively. 

Therefore the system is highly nonlinear and it is impossible to express the resonant frequency, 

or the optimum Lc/Ac ratio analytically. However we can get a first order estimation of the 

resonant frequency using one of the stiffnesses above. For example using the open circuit 

compliance coefficient, s^, and from equations 5.4, 5.8, and 5.9 we obtain: 

1 
2-!rV Lcp{Ceff + Cp)     2-K 

Ac 

K)   ,   ^    ,   ^33^P-^pis 
(5.10) 

Lcp\-f-+Cs-{ 
\ ^'"^ \0f A, p 

where Ceff is the effective chamber compliance. 

It is very important to note that in the simulations presented in this and the previous 
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sections (Figures 5-2 and 5-4), the pressure in the chamber overshot the reservoir pressures 

{PHPR and PLPR) in the resonance conditions, which resulted in negative pressures, which 

should be avoided because of cavitation. In the design procedure, the operation conditions 

should be adjusted such that there won't be any cavitation. For example the system can be 

biased, i.e. the reservoir pressures can be mcreased keeping the difference the same. Or, the 

valve openings can be adjusted accordingly The motivation for operating at resonance condition 

is that the same pressure band can be achieved with smaller valve cap sizes or valve openings 

compared to the case of negligible or very large fluid mductance m the channels, resulting in 

reduced power consumption in the active valves. 

5.1.2    Chamber filling and evacuation 

In order to attain the desired pressure bands inside the chamber, it is important to design the 

valve sizes, openings and the operation frequency accordmgly Consider the chamber attached 

to the circuitry discussed in the previous section. Figure 5-6 shows the effect of valve opening on 

pressure band in the chamber. A valve opening of 20/xTn provides perfect filling and subsequent 

evacuation of the chamber in the required time interval and the chamber pressure fluctuates 

between the reservoir pressures. A small valve opening of 5fj,m results in poor(slow) filling 

and evacuation, resulting in a reduced pressure band. A large valve opening of 50/im provides 

very fast filling and evacuation, which causes the chamber pressure to retain its maximum 

and minimum values for long time intervals. The latter results in the same power generated, 

however it also results in more power consumption in the active valves due to the higher stroke. 

A similar result would be obtained by keeping the valve opening the same, but increasing the 

valve cap size. Again more power would be consumed in the active valves. 

Figure 5-7 shows the effect of operation frequency on the pressure band in the chamber. 

It can be seen that, for a fixed valve opening, different operation frequencies result in system 

behaviors similar to the ones in Figure 5-6. At high frequency, there is not enough time for 

the valve to fill and evacuate the chamber in the required time interval. Similarly, at low 

frequency, there is more than enough time for the valves to fill and evacuate, which results in 

similar behavior to the case of large valve opening. This implies that, the valve opening can 

be reduced for reduced power consumption in the active valve and yet the same power can be 
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Figure 5-6: Effect of valve opening on the pressure band in the chamber. 
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Figure 5-7: Effect of operation frequency on the pressure band in the chamber. 
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generated as long as the pressure band in the chamber is kept at the desired level. 

In the two cases analyzed above, the valve cap size could be analyzed instead of valve 

opening, which would lead to the same conclusions. The combination of the valve size and the 

valve opening define the overall valve resistance. We can conclude that, for a designed operation 

frequency and pressure band, it is important to design the valve size and opening such that they 

will provide just enough filling and evacuation of the chamber in the required time interval, 

which is defined by the operation frequency, so that the chamber pressure fluctuates between the 

reservoir pressures in the most economical way. As will be addressed later, the pressure band 

is a very important design parameter, since the power generated is proportional to the square 

of the stress band on the piezoelectric element. Additional design considerations concerning 

the design of the valve size and openmg is not within the scope of this thesis. The design 

optimization of the active valves is detailed in [5]. 

5.1.3    Tether Structure Optimization 

Design of the piston tether structure is very crucial for system operation. The tethers should 

be flexible enough to allow suflacient motion of the piston, yet stiff enough to avoid introduction 

of excessive compliance into the system. The tethers have to be designed to allow maximum 

piezoelectric element compression for a given net fluid volume into the chamber, which occurs 

basically at every cycle during system operation. To analyze the tether structure, consider a 

simple hypothetical chamber which consists of a fluid chamber with rigid walls, a single layer 

piston attached to the wall with a single tether providing seaUng, and a piezoelectric element. 

Figure 5-8 illustrates the hypothetical chamber and different tether designs. Figure 5-8 (b) 

illustrates a good tether design where the tethers allow large piezoelectric element compression. 

Figure 5-8(c) illustrates a poor design where the tether is either too thin or the tether width, 

tw, is very large {t^, = [Dch - Dpis]/2). This results in low pressure in the chamber and small 

compression of the piezoelectric element since the compliance introduced by the tether is very 

large. In other words, pressure doesn't built up inside the chamber because of the excessive 

bending of the tether. Figure 5-8 (d) illustrates another poor design where the tether is either 

too thick or the tether width, *„,, is very small. In this case the pressure in the chamber is high 

but the compression of the piezoelectric element is still very small since the very stiff tethers 
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Figure 5-8: (a) Schematic illustrating the hypotethical chamber (b) good tether design providing 
large piezoelectric element compression (c) poor tether design, either too thin or large width, 
resulting in low chamber pressure and small piezoelectric element compression (d) poor tether 
design, either very thick or small width, resulting in large pressures but small piezoelectric 
element compression. 

do not allow the piston to move although they introduce very small additional compliance into 

the system. This suggests that for a design where the chamber diameter(or piston diameter) is 

determined, the tether structure has to be optimized in conjunction with fabrication hmitations, 

such as thickness of the tether, which is determined by the SOI wafer, or the maximum tether 

width which can be etched. 

Consider a chamber of the following geometric parameters: Dch = 5mm, Dp = 1mm, Lp = 

1mm, and Hch = 200/^m. An additional fluid volume, AV^ = 10""rn^, is introduced into the 

chamber. Figure 5-9 shows piston deflection/piezoelectric element deflection, pressure in the 

chamber and the compliance of the chamber for different tether thicknesses and widths. The 

tether width is varied by keeping the chamber diameter the same and changing the piston 

diameter. Since the tether width is very small compared to chamber or piston diameter, it 

doesn't matter which parameter is kept constant, i.e. the the piston diameter could be kept 

constant and the chamber diameter could be varied alternatively. Thus we can generalize this 

study for a nominal chamber diameter of 5mm. It can be seen that for a tether thickness, there 

exists a range of values for tether widths where maximum deflection of the piston occurs. It 
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Figure 5-9: (a) Piston dejaection for different tether thicknesses and widths,(b) corresponding 
pressures in the chamber (c) compliance of the chamber. The dashed line corresponds to the 
hypotethical case where piston diameter is equal to chamber diameter and there is perfect 
sealing. 
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Figure 5-10: (a) Schetch illustrating tether deflection. (b),(c),and (d) show the stress compo- 
nents on the bottom surface and deflected shape of the tether for 3 different cases, (b) good 
tether design, (c) poor tether design where the tether is too compUant, and (d) poor tether 
design where the tether is too stiff. 

127 



^    tether                  pJKton tether     ' 

(a) 

         i 

150/m)    ! 
. 4 

1 

20//m  fi"« 

■ 

(b) 

Figure 5-11:   (a) SEM picture of micromachined piston structure [7] (b) detailed view of the 
tether and the fillet. 

can be also seen that for those values, the additional compliance introduced by the tethers is 

negligible. 

Figure 5-10 illustrates the stresses and deflected shapes of the tether with a thickness of 

10/im for three different cases. Figure 5-10(b) illustrates a good design where the tether width 

is optimized. Figure 5-10(c) illustrates a poor design where the tether width is very large and 

therefore the pressure in the chamber and piston deflection are small. Figure 5-10(d) illustrates 

another poor design where the tether width is small and therefore the tether is very stiff, which 

results in small piston deflection even though the pressure built up in the chamber is high. It 

can be also seen that the stresses in this case are very large compared to the previous two cases. 

It should be noted that Unear plate theory is used for this analysis which means that the 

neutral axis coincides with the central axis of the tether. In general, in a well-designed tether 

structure, the bottom surface of the tether experiences compressive stress near the chamber 

wall and tensile stress near the piston, which is the case in Figure 5-10(b), and the maximum 

stress occurs at the point where the tether is attached to the wall. The top surface experiences 

stresses with opposite signs. 

It is also very important to consider the effect of the fillet on the stress and to note that 

the stresses calculated from the linear plate theory should be corrected using the proper stress 

concentration factor. However the stresses calculated using linear theory give a reasonable 

estimate and provide first order prediction about stresses during the design procedure.   A 
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detailed study of the fillet radius and stress concentration factors can be found in [7]. A 

fabricated piston structure and the fillets are shown in Figure 5-11. 

5.1.4    Operation Conditions Eutid Trade-ofFs 

In most of the analysis performed so far the basic parameters of the chamber, such as chamber 

diameter, and operation conditions such as reservoir pressures and operation frequency were 

fixed. This section will discuss how to choose chamber geometry and operation conditions for a 

given power requirement and will discuss trade-offs between operation conditions. The general 

design guidelines can be summarized as foUows: 

- The operation frequency should be kept as small as possible due to the bandwidth limita- 

tions imposed by the active valve structure, 

- The flowrate should be kept as small as possible to minimize valve size and reduce power 

consumption in the valves, 

- The maximum pressure in the chamber should be kept as small as possible in order to 

avoid high stresses in the tethers and active valve membranes. 

For the analysis of this section, a relatively sunple chamber structure will be assimied, 

namely the effect of the tethers, the deformation of the piston, and the deformation of the 

bottom plate will be ignored. This means that the effective compUance will be comprised of 

the fluidic compliance and structural compliance only due to the deflection of the top sup- 

port structure. These assumptions are done for simplification of the analysis without loss of 

generafity. 

Fixed geometric parameters in this analysis are: chamber height, Hch = 200/x, length of 

piezoelectric element, Lp = 1mm, and top support structure thickness, ttop = Imm. For each 

design point considered, piston area and cross-sectional area of the piezoelectric element satisfy 

the following relationship. 

^• = g^ <"'' 
which represents the static force balance between the piston and the piezoelectric element. 

The areas of the piston and the piezoelectric element are designed such that maximum stress on 

the piezoelectric element is equal to the depolarization stress, ad, for maximum power output. 
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It is assumed that the maximum and minimum pressures attained in the chamber are equal 

to the high and low pressure reservoirs respectively, where PIPR is assumed to be zero for 

simphcity. 

Required operation frequency for a given power requirement 

The required frequency in order to generate a certain amount of power, W, for the case of the 

chamber attached to regular diode bridge is given by: 

,_ AW 

where S33 and sfg are the closed circuit and open circuit compliances of the piezoelectric 

element respectively. Figure 5-12 compares different piezoelectric materials in terms of required 

frequency for a 0.5V^ power requirement at different chamber diameters and reservoir pressures. 

It can be seen that, PZT - 45 and PZT - 8 require lower frequencies because of their very 

high depolarization stress, even though they have smaller coupHng coefficients compared to 

PZT - 5H and PZN - PT. It should be noted that, the required frequency does not depend 

on the chamber compliance, as can be seen from equation 5.12. 

It is important to note that there is a trade-off between the maximum chamber pressure(Pypij) 

and the operation frequency. For lower chamber pressures, higher operation frequencies are 

needed. In fact, for a given piston diameter the required frequency is inversely proportional to 

the reservoir pressure, as can be easily seen from equations 5.11 and 5.12. It can be also seen 

that, for larger chamber diameters, the required operation frequency is smaller smce for larger 

chamber diameters, piezoelectric elements having larger diameter are used to satisfy equation 

5.11, which results in lower frequency requirement due to the increased piezoelectric element 

volume. 

Required flowrate for a given power requirement 

The required flowrate is given by the following equation, which was derived in Chapter 3: 

^ ~ T^^TTDTB-—: + ^effPHPRf (5.13) 
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Figure 5-12:   Comparison of different piezoelectric materials in terms of required operation 
frequency at different chamber diameters for a power requirement of 0.5W. 
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Figure 5-13: Comparison of different piezoelectric materials in terms of required flowrate at 
different chamber diameters for a power requirement of 0.5W. 
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where / is the required operation frequency corresponding to the power requirement at the 

particular chamber diameter and reservoir pressure, as discussed in the previous subsection. 

Figure 5-13 shows a comparison of different piezoelectric materials in terms of required flowrate 

at different reservoir pressures and chamber diameters. 

It can be seen that PZN - FT requires the least flowrates due to its high coupling co- 

efllcient, which translates into higher system efficiencies as discussed in Chapter 3. It can 

be also noted that, for larger chamber diameters, higher fiowrates are required. This can be 

explained by considering equation 5.13. There are in fact two competing effects. For larger 

chamber diameters, lower frequencies are needed, as shown in Figure 5-12, which suggest lower 

flowrates. However, larger chamber diameters result in increased chamber compliance, which 

is the dominating factor resulting in higher flowrates. 

In this case, a trade-off exists between the required flowrate and maximum chamber pressure, 

namely for lower chamber pressures, higher flowrates are required. 

EfHciency 

The efficiency of the system is given by: 

W 
77 = 

QPHPR 
(5.14) 

where the power consumption in the active valves is not considered. Figure 5-14 shows a 

comparison of different piezoelectric elements in terms of system efficiency for different reservoir 

pressures and chamber diameters. It can be seen that PZN - PT provides the most efficient 

power generation due to its high coupling coefficient. For larger chamber diameters, the effi- 

ciency is lower due to the fact that the flowrate is higher at larger chamber diameters, as shown 

in Figure 5-13. It is also important to note that the efficiency decreases as the reservoir pressure 

increases. This can be explained considering equations 5.11, 5.12 and 5.13. Combining these 

equations we get: 

(sfa - S33)PHPR     (sfs - s^3)<^dApisLp 

which is the explicit form of equation 5.13. Using equation 5.14 we get: 
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Figure 5-14:  Comparison of different piezoelectric elements in terms of system efficiency for 
different reservoir pressures and chamber diameters. 

W 

< 
2(4 + ^33)   , ^CeffPj + HPR 

QPHPR     \ (sg - sg)      {si^ - sg)a^Api,L. ;)"■ 
(5.16) 

from which it can be easily seen that at a certain chamber diameter, the efficiency decreases 

with increasing reservoir pressure. It is also possible to observe that efficiency does not depend 

on the generated power. 
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Figure 5-15: Required operation frequency and flowrate for different power requirements at 
different chamber diameters {PHPR = 2MPa, piezoelectric material: PZN — PT ). 

Effect of power requirement 

As can be seen from equations 5.12 and 5.16, the required operation frequency and flowrate 

are directly proportional to the generated power. Figure 5-15 illustrates the effect of power 

requirement on frequency and flowrate for the case where PHPR = 2MPa and piezoelectric 

material: PZN - PT. 

5.1.5    Bias Pressure 

As discussed in section 5.1.1, negative pressure in the chamber should be avoided due to cavita- 

tion. Even though the chamber is designed for positive pressure fluctuations, cavitation could 

occur due to unexpected fluidic resonances. Also the active valve design imposes minimum 

pressure requirements for the low pressure reservoir due to cavitation considerations inside the 

hydrauhc amplification chamber. For a conservative design, the chamber pressure can be biased 

by a certain amount, by keeping the pressure differential PHPR — PLPR the same, aiming for 

the same power as would be generated with PLPR = 0. However, since the depolarization stress 

of the piezoelectric element cannot be exceeded, the effective stress band reduces, even though 

the pressure band remains the same. For the case where PLPR = 0, the stress band, i.e. the 

difference between the maximum and minimum stress on the piezoelectric element is equal to 
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Figure 5-16: Schematic illustrating the effect of bias pressure.(a) not biased case (b) biased case 

the depolarization stress, given by: 

A^=(^)APc, = arf (5.17) 

However, for the biased case, where PLPR T^ 0, the stress band is given by: 

(Aa)6 = (^^  AP^ < aa (5.18) 

which is smaller than the depolarization stress of the piezoelectric material. Figure 5-16 

illustrates the effect of bias pressure. This means that for the same pressure differential, higher 

frequencies and flowrates are required, which can be seen from the following equations which 

are derived for the general case: 

or 

h 
4W 

{s§,-sg){Aa)lA,L, 

2{sg + sg)W 

2{si, + sg)W 
V6 — y-B nTT^      r 

^CeffW 

(5.19) 

(5.20) 

(5.21) 
(5^3 - sg)AP^     (4 - sg){Aa),Api,Lp 

Figure 5-17 illustrates the effect of bias pressure on required frequency, flowrate and effi- 

ciency for the case of 0.5W power requirement, where APch = PHPR - PLPR = 2MPa, and 
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Figure 5-17: Effect of bias pressure on required frequency, flowrate and efficiency. 
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piezoelectric material is PZN - PT. It is important to note that the generated power is pro- 

portional to the square of stress band and therefore the bias pressure should be kept as small 

as possible. It can be easily shown that, for a given chamber diameter, the required frequency 

for the biased case and for the case where PLPR = 0 are related by: 

l-(^^J (5.2a) 
fb     \APch + Pb, 

where P(, is the bias pressure. It is assumed that in both cases the pressure differential in 

the chamber is the same. Equation 5.22 implies that if the bias pressure is much smaller than 

the pressure band in the chamber, its effect is negligible. However for typical MHT devices this 

is not the case and the effect of bias pressure should be considered. 

5.1.6    Scaling Issues 

One of the many advantages of MEMS devices is their ability to operate at very high frequencies. 

In other words, they allow operation with much larger bandwidth due to their high natural 

frequencies. For linear systems, the scaling law for natural frequency can be obtained by 

considering a very simple system consisting a cantilever beam and a proof mass attached to the 

tip of the beam. The stiffness corresponding to the tip deflection of the beam in response to a 

force applied to the tip can be obtained from beam theory: 

,      EWH^ 

where E is the Youngs modulus, and W, H, and L are the width, the height and the length 

of the beam respectively. The natural frequency of this system can be calculated by: 

-n = ^ (5.24) 

where m is the mass of the proof mass. If we define the scale factor. A, as the ratio of the 

new scaled dimensions divided by the nominal, the dependence of the stiffriess of the beam and 

the mass of the proof mass on the system scale are: 

A; ~ A and m ~ A^ (5.25) 
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where the scale dependence of the stiffness of the beam is obtained from equation 5.23. 

The natural frequency of the system is then related to its size by: 

n~y54 (5.26) 
which can be generalized to any linear structure. 

Similarly we can obtain the scaling laws for the power generator considering the dependence 

of the natural frequency, required operation frequency and compliance of the sj^tem on system 

scale. Consider the simple chamber structure described in Section 4.1, which consists of a fluid 

chamber and a comphant top support structure. Here we assvune that in the energy harvesting 

chamber the top support structure is the only compliant structure, and the piston is rigid and 

perfectly sealed to piston walls without tethers. The effective compliance for this case was 

derived in Section 4.1 as: 

^^'^ = U + ^^j - 1^^^ +    1024S4p   I ^'-''^ 

where Dch is the chamber diameter, Hch is the chamber height, and ttop is the thickness of 

the top support structure. The dependence of the effective chamber compliance on the system 

scale is then 

Ceff ~ A^ (5.28) 

which suggests that as the system gets smaller, the compliance gets smaller. Lets consider 

a case where PLPR = 0 and the effective chamber compliance is given by equation 5.27. For a 

certain power requirement, the required operation frequency can be calculated as: 

where a is the stress band on the piezoelectric element, which is equal to the maximmn stress 

since PLPR = 0. AS discussed earlier, in a design procedure, the chamber diameter and the 

piezo diameter are chosen such that the maximum stress on the piezoelectric element is equal to 

the depolarization stress of the piezoelectric element. If we assume that for any design scenario 
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this condition will be satisfied, then the dependence of the required frequency on system scale 

can be obtained as: 

1 
Jreq ~ ^ (5.30) 

which suggests that as the system gets smaller, larger frequencies are required due to the 

reduced piezoelectric element volume. The required flowrate is given by: 

2{sl, + sg)W 
^ ~ UE       TDT^ZZ + ^^ff^HPRfreq (5.31) 

Prom equations 5.28 and 5.30 we can obtain the dependence of the required flowrate on the 

system scale as: 

<? ~ A° (5.32) 

which suggests that the required flowrate does not depend on the system scale. In smaller 

scale, although the system compliance reduces, the required frequency increases in the same 

amount which results in the same required flowrate. Since this results were derived for constant 

PHPR and required power, W, the system efficiency does not depend on the system scale either, 

which can be expressed as: 

It should be noted that this analysis relies on the assumption that the active valves can 

operate at very high frequencies and the valves and channels can provide the required flowrates 

even when the system gets very small. 

Consider a design case where the operation frequency is equal to the maximum bandwidth of 

the device. K we make the system 10 times smaller and keep the required power and PHPR the 

same, we will need 1000 times the frequency to generate the same power from the smaller device. 

However we can increase the operation frequency only 10 times since the natural frequency is 

inversely proportional to the system scale, which is expressed in equation 5.26. This implies 

that we can extract only one percent of the required power from the small device.  However 
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we can fit 1000 small devices inside the original volume, which means that we can generate 

10 times the original power from the same volume. This suggests that the power density is 

inversely proportional to the system scale, which can be expressed as: 

PZ> ~ i (5.34) 

This suggests that, as the system gets smaller, the power density increases. Again, it should 

be mentioned that, this analysis assumed that, in the smaller scale the valves and channels 

can provide the required fiowrate regardless of the system scale. However, it is expected that 

viscous losses in the valves will begin to dominate beyond a certain scale and scaling further 

down will not be more efficient. In order to perform this study, more detailed fluid models are 

needed. Nevertheless, the above analysis provides a general understanding about the scaling of 

the system. 

5.2    Design Procedure 

This section will present a design procedure for designing the microhydraulic piezoelectric power 

generator. First, the design decisions made considering the issues discussed in previous sections 

as well as those imposed by the active valve design and fabrication process wiU be presented. 

Then, the design procedure will be described and two design examples will be presented along 

with simulation results. 

5.2.1    Prelimiriciry design decisions 

As discussed in Chapter 3, the working fluid is chosen to be sihcone oil due to its low viscosity 

and low density. It also has a comparable bulk modulus to that of water. Choice of piezoelectric 

element is done considering the results in sections 5.1.4, 5.1.4, and 5.1.4. Prom Figure 5-12 it 

can be seen that the piezoelectric material PZT - 5H has very high frequency requirements, 

PZT - AS, PZT — 8 have lower and very similar frequency requirements, and PZN — PT 

has comparable frequency requirements to those of PZT - AS and PZT - 8. If we examine 

Figures 5-13 and 5-14, we can see that PZN - PT requires much lower flowrates and provides 

much efficient power generation compared to other piezoelectric materials. In Chapter 2 it was 
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concluded that PZN - FT has the smallest energy density among the piezoelectric elements 

considered, which is a result of its low depolarization stress. However due to its very high 

coupling coefficient it provides very efficient electromechanical energy conversion and requires 

the lowest flowrate for a given power requirement. It should be noted that, the implication of 

the low energy density of PZN - FT h that, larger piezoelectric material volume is needed 

compared to other piezoelectric materials for the same power output. However, the weight 

of the piezoelectric element constitutes only a small fraction of the overall system weight and 

the increased efficiency of PZN - PT due to its much higher coupling coefficient would still 

overwhelm the effect of increased weight in terms of the overall system power density. The 

chamber height is chosen to be 200/x7n. A preliminary study has shown that chamber heights 

smaller than this could cause squeeze fihn damping effect inside the chamber and can result in 

undesired losses. And, larger chamber heights would increase the chamber compliance, which 

would decrease the efficiency of the system. The length of the piezoelectric element is chosen to 

be 1mm. This parameter is basically determined considering the actuation in the active valves, 

since all the piezoelectric cylinders within the system, namely the ones in the active valves and 

the one in the energy harvesting chamber, have the same length because of the layered structure 

of the device, which was explained in Chapter 1. Larger lengths would decrease the stiffiiess of 

the piezoelectric elements inside the active valves, which reduces the actuation capability, and 

smaller lengths could cause dielectric breakdown. 

5.2.2    Parameters imposed by active valve design 

The basic limitation of the active valves is their bandwidth. Current active valve designs 

predict bandwidths in the order of 10 - 2QkHz. Typical trade-offs in the active valve design 

are stroke, bandwidth and force, which are detailed in [5]. Another important hmitation is the 

pressures that the active valves can work against, which basically imposes the maximum high 

reservoir pressure possible. They can typically work against pressures of 2 - 3MPa. Also the 

active valves impose a minimum pressure requirement due to cavitation considerations in the 

hydraulic amplification chamber(HAC) within the active valve structure. In the design example 

presented, the low pressure reservoir pressure, PHPR is chosen as O.SMPa. 
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5.2.3 Pfirameters imposed by fabrication process 

As briefly described in Chapter 1, the device consists of sihcon and pyrex micromachined 

layers. The thickness of the layers basically dictate the thicknesses of individual components. 

For example, a double layer piston structure, which consist of two silicon layers bonded to each 

other, will have a thickness of tpis = SOOfim, which is the case in the design example. Since the 

tethers are created through deep reactive ion etching(DRIE) of a SOI wafer, the tether thickness 

is defined by the SOI layer. Also, the fillet radius control during the fabrication process imposes 

some limitations on the tether width. For example narrow tethers would be very stiff due to the 

relatively large fillet radius and the predictions of the linear theory used for the optimization 

would not valid beyond a certain tether width. The top tether thickness, ttetop, is chosen to 

be lOfim, whereas the bottom tether thickness is chosen to be thinner, namely, 5/xm, because 

the bottom tether does not have any functionality and therefore it should be kept as thin as 

possible so that it won't cause significant resistance to piston motion. The thicknesses of the 

top and bottom support structures are determined by the number of layers used, including the 

packaging layers on top and bottom portions of the device. As discussed in Chapter 3, the 

compliance of the system is very important in terms of system performance and they should be 

kept as small as possible. Therefore it is desirable to have very thick top and bottom support 

structures. The effective thickness would also depend on the structure of the auxiliary system 

in which the device is packaged. In the design examples, the top and bottom structures are 

assumed to have the same thicknesses, namely ttap = hot = 2.5mm, and they are assumed to 

comprise of all silicon layers. 

5.2.4 Design Procedure 

Figure 5-18 presents a design procedure, which will be followed after the initial design decisions 

are made using above considerations. The first part consists of analjrtical design calculations. 

The pressure band in the chamber is dictated by the bias pressure, Pb, and high pressure reser- 

voir pressure, PHPR- The piston diameter and piezo diameter are calculated using equations 

5.11 and 5.19, and the battery voltage is calculated using equation 5.6. 

These calculations are followed by the tether structure optimization, which determines the 

optimum tether width, wt, for the given tether thicknesses and piston diameter. The designed 
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tether width also determines the chamber diameter, Dch- The geometric parameters along with 

the operation conditions are then fed to the system level simulation. The simulation architecture 

is shown 5-19 and the Simulink block diagrams are given in Appendix A. 

First, simulations are performed to determine the optimum length to area ratio of the fluid 

channels, using arbitrary valve resistance, i.e. arbitrary valve cap size or valve openings. It 

is helpful to run these simulations with very small valve resistance, namely with very large 

valve opening or very large valve cap, since the fluidic oscillations are much more pronounced 

with lower valve resistances and it is easier to determine the optimum length to area ratio of 

the channels. Then, the valve cap size and valve opening are designed such that the chamber 

pressure fluctuates between reservoir pressures, namely between PHPR and PLPR- At this stage, 

it is important to consider structural limitations, which might be imposed by the active valves. 

For example, a large valve cap size requires a large membrane to allow sufEcient valve motion, 

however this may cause excessive stresses in the membrane. Or, a very large valve opening can 

cause the same problem. Since the same effective valve resistance can be achieved with different 

combinations of valve opening and valve cap size, coupled iterations may be necessary with the 

active valve design procedure, which is not within the scope of this thesis. Detailed information 

about the active valve design procedure can be found in [5]. 

Finally, the system is simulated, stresses in the tethers and on the piezoelectric element are 

checked, and design iterations are performed if necessary. Although the valves are designed to 

achieve the desired pressure band in the chamber, the stress band may be a little bit different 

than expected. This can be explained by considering equation 5.11. This equation assumes 

static force balance between the piezoelectric cylinder and the piston. Also, the effect of the 

tether is neglected since the force exerted by the tethers on the piston is generally very small 

compared to the force exerted by the piezo and force due to chamber pressure. As will be seen 

in the design examples, the dynamics of the piston does not have a significant effect on system 

performance and it is reasonable to assume quasi-static force balance. However, if the operation 

frequency is much higher, the dynamics of the piston will be important and equation 5.11 will 

not be valid. The design procedure presented above is followed by the layout and mask design 

for the fabrication. 

For the piston dynamics, a damping ratio of 5% is assumed, considering the piezoelectric 
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Design Decisions 
Piezoelectric material PZN-PT lowest flowrate requirement 

Working fluid silicone oil low viscosity and density 

Piezoelectric element length, Lp 1mm active valve actuation 

Chamber height, Hch 200/um squeeze film damping 
Parameters imposed by fabrication process 
Piston thickness, tpis 800/xm double layer piston 
Top and bottom support structure thickness 2.5mm packaging layers 

Top tether thickness, ttetop 10/im fabrication feasibility 

Bottom tether thickness, ttomt hjim fabrication feasibility 
Material Limitations 
Depolarization stress of piezoelectric element, aj. lOMPa shouldn't be exceeded 
Maximum allowable stress in tethers iGPa shouldn't be exceeded 
Damping 
Damping ratio of piston 5% assumed 

Table 5.1: Summary of preUminary design decisions appUed to the design examples. 

element as the effective spring. Namely the damping coefficient is calculated as: 

c = 2C\/mpisfcp = 2Ct mpis-^ 
0^ r, S33-L/P 

(5.35) 

where C is the damping ratio and S33 is the open circuit compliance comphance of the piezo- 

electric element. 

5.3    Design Examples 

This section will present two design examples who have different operational requirements due 

to the limitations imposed by the active valves. The preliminary design decisions, parameters 

imposed by fabrication process and material limitations, which are valid for both examples are 

summarized in Table 5.1. 

5.3.1    Design Example 1 

The parameters imposed by the active valves, the design parameters obtained by applying the 

design procedure discussed in the previous section, and performance parameters are summarized 

in Table 5.2. Simulation results are shown in Figure 5-21, Figure 5-22 and Figure 5-23. The 
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Figure 5-20: Tether structure design. Piston deflection shown for diflferent tether widths. 

tether structure optimization is shown in Figure 5-20 where the piston deflection is plotted as 

a function of the tether width for an added fluid volume of AV/ = 10~^°m^. 

Figure 5-22 shows simulation results for the deflections and swept volumes of individual 

structural components. It can be seen that, as expected, the deflection of the bottom sup- 

port structure is much smaller than the piston deflection, which is desirable for maximum 

piezoelectric element compression. Also, it can be seen that the volume swept due to tether 

bending, piston deformation and top support structure deformation is much smaller than the 

volume swept by the piston motion, which is again desirable for maximum piezoelectric element 

compression. 

5.3.2    Design Example 2 

The parameters imposed by the active valves, design parameters and performance parameters 

are summarized m Table 5.3. In this example, the performance of the active valves are very 

limited, which results in very small power output compared to the first example. Simulation 

results are shown in Figure 5-24, Figure 5-25 and Figure 5-26. The observations done for the 

deflections and swept volumes of the individual structural members in the first design example 

are also valid for this example.   Namely, the deflection of the bottom support structure is 

148 



Power Requirement 0.25W"            Electrical power output 
Parameters imposed by active valve design 
Operation frequency, / 20kHz bandwidth of active valves 

Bias Pressure, Pj, O.SMPa cavitation in HAC chamber 

High Pressure Reservoir Pressure, PRPR SMPa membrane stress hmitation 
Important paireimeters resulting from operation conditions 
Pressure band in the chamber, APch 2.6MPa -   ■ 

Stress band on piezoelectric element, ACT 8.33MPa - 
Designed parameters 
Piston Diameter, Dpu 6.95mm - 
Piezoelectric cylinder diameter. Dp S.Smm - 
Battery voltage, Vb 74.9^ - 
Tether width, Wt 125/im optimization 

Chamber diameter, Dch 7.2mm - 
Fluid channel length to area ratio, ^ 5000m-i same for inlet and outlet 

Valve cap radius, Rue 400/xm same for inlet and outlet 

Valve opening, voin,voout 24/iTn same for inlet and outlet 
Performcince pcurameters 
Net flowrate, Qnet 0.52ml/s - 
Hydraulic power input 1.31^ (PHPR — PhPRlQuet 
Efficiency, 77 19.2% 

Klectrical power output 
Hydraulic power input 

Table 5.2: Summary of design and performance parameters of design example 1. 
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Figure 5-21: Simulation time histories of the design example 1. 
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Figure 5-23: Simulation time histories of the design example 1. 

152 



Power Requirement 0.01 W               Electrical power output 
PaTcuneters imposed by active valve design 
Operation frequency, / 5kHz bandwidth of active valves 

Bias Pressure, Pf, 0.5MPa cavitation in HAC chamber 

High Pressure Reservoir Pressure, PHPR 1.5MPa membrane stress limitation 
Important parameters resulting from operation conditions 
Pressure band in the chamber, APch IMPa - 
Stress band on piezoelectric element, Aa 6.67MPa - 
Designed parameters 
Piston Diameter, Dpis 4.89mm - 
Piezoelectric cyUnder diameter. Dp 1.89mm - 

Battery voltage, Vb 59.9y - 
Tether width, wt 125fJ,m optimization 

Chamber diameter, Dch 5.19mm - 

Fluid channel length to area ratio, ^ llOOOOm-i same for inlet and outlet 

Valve cap radius. Rue 150/im same for inlet and outlet 

Valve opening, vom, voout 9.3/im same for inlet and outlet 

Performance parameters 
Net flowrate, Qnet 0.042mZ/s - 
Hydraulic power input 0.0421^ {PHPR - PLPR)Qnet 

EfSciency, 77 23.8% Klectrical power output 
Hydraulic power input 

Table 5.3: Summary of design and performance parameters of design example 2. 

much smaller than the piston deflection, which is desirable for maximum piezoelectric element 

compression and the volume swept due to tether bending, piston deformation and top support 

structure deformation is much smaller than the volume swept by the piston motion, which is 

again desirable for maximum piezoelectric element compression. 

As discussed in the previous chapters, the generated power is a strong function of the stress 

band on the piezoelectric element and the operation frequency. As the maximum operating 

frequency reduces due to active valve design limitations, much larger piezoelectric elements 

and chamber structures are needed to generate the same amount of power. In the second 

design example, in order to generate the same power as in design example 1, huge chamber 

diameters, larger than 20mm, is needed, which is not feasible due to the increased compliance 

and size constraints. As discussed earlier in Section 5.1.6, it is feasible to make smaller and 

multiple devices which would fit in the original volume. In section 5.1.6 it was concluded that 

the efficiency does not depend on system scale.  As can be seen from Tables 5.2 and 5.3 the 
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second device, which is smaller than the first one, has higher efficiency. This is due to the fact 

that in the example, only the chamber diameter and piezo diameter axe smaller. The length 

of the piezoelectric element, chamber height and structural thicknesses are kept constant. This 

resulted in a stiffer chamber compared to the case where all the dimensions were reduced. The 

explicit relationships and efiiect of geometric parameters on system scale can be seem in equation 

5.27, which represents a simpler case than the actual chamber. 

5.4    Summary 

This chapter presented further design considerations and a design procedure along with two de- 

sign examples. Fluidic oscillations within the system and conditions for sufficient chamber filling 

and evacuation is analj^zed. An optimization procedure for the tether structure is presented. 

Trade-offs between operation conditions and their effect on the performance is discussed. Effect 

of system scale on the performance is discussed. Effect of the fabrication process and the active 

valves on the design is discussed. 
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Chapter 6 

Conclusions and Recommendations 

for Future Work 

6.1    Summary 

The objectives of this thesis were: 

- To develop a comprehensive system level model and simulation tool to analyze the main 

chamber and the associated fluid channels and valves of piezoelectric microhydrauhc power 

generation devices 

- To gain insight into system operation and understand the factors affecting the system 

performance 

- Develop a design procedure, which should be complemented by the design of the active 

valves. 

Chapter 1 presented the configuration, operation and motivation of microhydraulic-piezoelectric 

power generators. Primary challenges and preliminary design considerations is discussed. 

Chapter 2 presented an analysis of piezoelectric power generation based on Unear electrome- 

chanical energy conversion. EfiFect of circuitry and piezoelectric material on energy density and 

effective coupling factor is discussed. Models for two different circuit topologies are developed, 

simulations are performed and analytical expressions are derived for the generated power and 

effective coupling factor. Different piezoelectric materials are compared in terms of their en- 

ergy densities and energy conversion efficiencies for different circuitry. It has been concluded 
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that, although the single crystal piezoelectric material(PZN-PT) has very high effective cou- 

pling factor, it has a very low energy density compared to PZT-8 or PZT-4S because of its 

small depolarization stress. Another important conclusion of this chapter is that, for a piezo- 

electric element, the energy density obtained with the diode bridge and voltage detector circuit 

is four times bigger than the energy density obtained with only the diode bridge. The effective 

coupling factor is a function of the couphng coefficient and the ckcuitry, whereas the energy 

density is a function of coupling coefficient, circuitry and the depolarization stress. Indeed, the 

effective coupUng factor becomes an important criteria if the piezoelectric element is considered 

along with its surrounding system, for example the infrastructure which provides the force on 

the element, which is the energy harvesting chamber in the microhydraulic power generation 

device. It should be remembered that in the analysis presented in this chapter a prescribed 

force is imposed on the piezoelectric element. This issue is addressed in Chapter 3. 

Chapter 3 presented a simple model of the energy harvesting chamber, simulations with the 

coupled circuitry and preliminary design considerations. The interaction of the energy harvest- 

ing chamber and the circuitry is discussed. The two circuits presented in Chapter 2 and different 

piezoelectric materials are compared in terms of the flowrate and frequency requirements for a 

given pressure differential and power requirement, and in terms of system efficiency. Analytical 

expressions are derived for the generated power, required flowrate, effective coupling factor and 

system efficiency. The most important conclusion of this chapter is that the performance of the 

energy harvesting chamber depends on 

- Circuit topology 

- Piezoelectric material(fc33,o-d) 

- Chamber compliance(Ce//). 

It is also concluded that, as kss approaches 1 and Ceff approaches 0, the system efficiency 

for the two circuits analyzed approaches 50%. This means that, even with a perfect piezoelectric 

material(fc33 = 1) and zero effective chamber compliance, which are not possible, the system 

efficiency cannot exceed 50%. It should be emphasized that the efficiency definition throughout 

the thesis corresponds only to the energy harvesting chamber. The electrical power consumption 

in the active valves is not considered. 

Chapter 4 presented detailed modelling of the energy harvesting chamber. In Chapter 3, 
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an effective chamber compliance (Cg//) was assumed to be used in the simulation and in the 

following analysis. This chapter investigated the contribution of different structural components 

on the effective comphance of the chamber. Deformations of individual structural members are 

calculated using linear plate theory. It is assumed that the deflections due to bending are 

significantly larger than that due to shearing. A simulation architecture is presented to be 

included in overall system level simulation, which allows for inclusion of the elastic equations 

into dynamic simulation as well as monitoring important parameters. 

Chapter 5 presented further design considerations in addition to the design issues discussed 

in Chapters. These were fluidic oscillations within the system, chamber filling and evacuation, 

tether structure optimization, effect of operation conditions on system performance and trade- 

offs, and scaling issues. The system is analyzed only for the case where the chamber is attached 

to the regular bridge. A design procedure along with two design examples is presented. The 

design decisions made considering the issues discussed in previous chapters as well as those 

imposed by the active valve design and fabrication process is discussed. Simulation results 

are shown. In Chapter 2 it was concluded that PZN - PT has the smallest energy density 

among the piezoelectric elements considered, which is a result of its low depolarization stress. 

However due to its very high coupling coefficient it provides very efficient electromechanical 

energy conversion and requires lowest flowrate for a given power requirement. It should be 

noted that, the impHcation of the low energy density of PZN - PT is that, larger piezoelectric 

material volume is needed compared to other piezoelectric materials for the same power output. 

However, the weight of the piezoelectric element constitutes only a small fraction of the overall 

system weight and the increased efficiency of PZN - PT due to its much higher coupling 

coefficient would still overwhelm the effect of increased weight in terms of the overall system 

power density. 

This thesis developed a firamework to analyze piezoelectric microhydrauUc power generators. 

Insight into system operation is gained and important factors affecting system performance are 

analyzed. 
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6.2    Recommendations for Future Work 

Recommendations for future work in terms of modeling and design can be summarized in the 

following subgroups: 

Piezoelectric Element 

The analysis presented in this thesis is based on linear electromechanical energy conversion. 

More detailed analysis including nonlinear effects is required to obtain better predictions for 

system performance. Ako, piezoelectric element coefficients only in 3-3 direction is used since 

the piezoelectric element is subjected to compression parallel to the polarization of the element 

and assuming that the element is free to expand in lateral directions, so that T3 is the only 

nonzero stress component. However, this is not the case since the piezoelectric cylmder is 

bonded to the piston and bottom support structure. Finite element analysis is required to 

calculate the effective coefficients in 3-3 direction, namely effective (£33, s^ and s|^. 

Fluid Structure Interaction 

The system is analyzed for relatively low frequencies where the fluid channels were the only 

components whose dynamic behavior was important for system performance. At higher fre- 

quencies, the modal behavior of the piezoelectric element and the piston structure along with 

the fluid contained m the chamber might be important (added mass effect of the fluid). De- 

tailed finite element models are needed to investigate the fluid structure interaction within the 

chamber. 

Fluid model 

In this thesis, a simple fluid model based on discharge coefficients taken from published data is 

used. These models do not provide accurate estimation of the power consumption in the valves 

since it is not possible to predict the force exerted on the valve cap and valve membrane by the 

flow. Detailed CFD analysis can provide more insight into the fluid flow in the valve. This is 

very important because of the complicated geometry of the valves. 
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Squeeze film damping 

Squeeze film damping is a common problem in MEMS devices. Although not presented in this 

thesis, a preUminary analysis has shown that, for the chamber height used in the design, squeeze 

film effects are not important. However, for smaller devices, squeeze film damping can effect 

system performance significantly. Detailed analytical models and/or finite element studies are 

required to investigate this effect. 

Scaling Study 

As the system size gets smaller, the power density increases, however, only until a certain scale. 

Beyond that scale, it is expected that viscous losses in the valves will begin to dominate and 

scaling further down will not be more efficient. In order to perform this study, more detailed 

fiuid models are needed as mentioned earlier. 

System level emalysis 

This thesis concentrated on the main chamber, also called the energy harvesting chamber, of the 

piezoelectric microhydrauHc power generators. System level simulations, including full active 

valve structure, should be performed to obtained better predictions about system performance 

and efficiency. However, it should be emphasized that, these simulations would provide realistic 

predictions provided that good fluid models exist, as discussed above. 
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Appendix A 

Simulink Block Diagrams 

This section presents the simulink models used in this thesis. Figure A-1 shows the model of 

the piezoelectric element model used in Chapter 2 in order to simulate the case of applied force. 

Later in the thesis, namely in Chapter 4 and Chapter 5, the piezoelectric element constitutive 

equations are solved along with the elastic equations of the structural members of the main 

chamber and incorporated into the simulation architecture with a 15x3 matrix, as described in 

Chapter 4. Figures A-2 and A-3 present the simulink models of the regular diode bridge and the 

diode bridge attached to the voltage detector, respectively, used throughout the thesis. Figure 

A-4 presents the simulink blocks used to implement the function of the voltage detection circuit. 

Figure A-5 shows the simulink architecture of the full system including the main chamber, fluid 

models and circuitry, used in Chapter 5. Simulations in Chapter 3 are performed with a similar 

model. Figures A-6, A-7 and A-8 present the simulink models for the main chamber presented 

in Chapter 4 and the fluid models presented in Chapter 3. The circuit model used for the 

simulations in Chapter 5, where the system is simulated only with regular diode bridge, is the 

same as in Figure A-2. 

Implementation of the voltage detector circuit and silicon controlled rectifier   The 

operation of the voltage detection circuit was described in Chapter 2. The function of the 

voltage detector is implemented as follows: The voltage detector block in the Simulink model 

sends a signal to the switch/resistor block which is either 1 or zero depending on the detected 

voltage, V-i- The logic is as follows: 

171 



dV2 
dt 

dV2 
dt 
m 
dt 

If   -^   >   0   and   Vj! < 0      signal=0 (switch oflF) 

If   -^   <   0   and   ^2 > 0      signal=l (switch on) 

If   —r^   >   0   and    V2 > 0      signal=:0 (switch off) 

If   -TT   <   0   and   V2 < 0      signal=0 (switch off) 

The switch function is implemented with a resistor in the place of the SCR, whose value 

depends on the signal. If the signal value is 1, the value of the resistor is very small and the 

switch is in "on" state. If the signal value is 0, the value of the resistor is very large and the 

switch is in "off" state. The following parameter values are used: 

Large resistance: lO^Ohm, small resistance: IQ-^Ohm, capacitance value: lO^'^F, inductor 

value: 20mH, m = 5,K^ 10^, u; = 5 x lO". 
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Figure A-1: Simulink model of the piezoelectric element. 
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Figure A-2: Simulink model of the diode bridge. 
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Figure A-3: Simulink model of the diode bridge attached to an inductor, voltage detector and 
SCR(Silicon Controlled Rectifier). 
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Figure A-4: Implementation of the voltage detector circuit. 
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Figure A-5: Simulink model of the full system including the chamber, piezoelectric element, 
fluid models and circuitry. 
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Figure A-6: Simulink model of the main chamber and the piezoelctric element. 
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Figure A-7: Simulink model of the inlet valve and fluid channel. 
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Figure A-8: Simulink model of the outlet valve and fluid channel. 
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Appendix B 

Matlab Files 

This section presents important Matlab codes used in the thesis. 

Figure B-lpresents the code used in Chapter 3 to calculate the required frequency, flowrate 

and efficiency for different circuitry. 

Figure B-2 presents the code used to calculate the required frequency, flowrate and efficiency 

of the system attached to regular diode bridge for diflFerent reservoir pressures and chamber 

diameters in Chapter 5. 

Figure B-3 presents the Matlab code used in Chapter 5 for tether optimization. The elastic 

equations and equations governing the chamber behavior are solved in Maple, which is presented 

in Appendix C. 

Figure B-4 presents the Matlab code used in Chapter 5 which writes the operational and 

some of the geometric parameters into the Matlab workspace, which can be read by the Simulink 

model for the system level simulation. Also, the 15x3 matrix required by the Simulink model 

(Appendix A) is generated, whose coefficients are calculated by Maple, which is presented in 

Appendix C. 
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k T*l« oeAa 4»l<nlMM CIM x»vilr*4 fn^iMAajr. floww* and *ffielMoy for two dlfCumt elzeultxUa 
* ««•** o* t«th»r« 1. n^lwx«d «Dd r«rf«3t SMllaa b«t»«i tka fUttm wd UM dh^lwr MIU la aaatMd. 

tflaar all, 

■ISt . ILa-U     I % doMd elnxlt «>-y^<—~ 
a3» - ITa-ia / « ppM vlzcult eo^lUaoa 
^      " !'•<» » Ita^luLaatlcK atrua 

2J! " ilLT'^lLt/. ! !?•"" «iai»tar(-dh-*ar dla^tar also, tha affaee of tatbara ia .afllai^ad) apxa ■ u9ia~3i^i/4f « Hatoa ar«a 
ap      " l»l*«BKP«/«^ t Mate ana 
qp     - wpA [«*«p/pU t % piaao H^itir 
Iff      -  (la-l)   I t n«ao \migth 

t OiMJjar atUfaaa 

toff    - Il«".aall.»al*,4alS,l«U,«alI,7«U,ialJ,»«ll,lal«,aal«,lal«,4al«,»•«,... 
(alC,7aU,lal«,talC,lal7,aal7,SalT,«alT,lalT,<«lT,7«lT,talT.»MlT,Iall,2all,... 
lali,4aU,IaH,«alJ,7.1J,»«ll,fait,lalt.laH.Salt,«aU.tolf,««lf,T.lt,«alf,fal».laaai; 

t laaigj' atond par ej«la 
fcr -  ((alU-a>n».*(M).'3.>V»)./4f 

t Baqolrad f vaqaanev IUIK] 
fr ■ ■./■T./UOOr 

t kaqoirad flownta [nl/a} 
»- (3.>(a31B4«]io}.«w./<(a»E-a]U).*nVK)4^(nn.*fr.*10de./Kaff)|.*la< , 

» SfflcUner 
toyaJr •  t«./((Ot:.*la-C) .*»■)).•IflOj 

t ■■■nu atorad par eycla 

■a . -U>ao-aJll).«»d.*a.*i;#,»J*.*(alll.*Lp.*Eaff.-»pla.*!♦*»).•(aMO.»l#."toff.•»Bla.*a**p)   / 
<a»O.*a]XB.-];«.*tofC.*Mvla.*3-a3S0.*I«.*Caff.*Jvia.^).*-a|, 

» toqitlrad fravianicyndUl 

fa - V./Ba./llOO  / 

k aa«alx*d tLcMTUtmlal/mJ 

Oa -  0>-*(ntl>-^'*a.*alSB.*I«.*Kaff.«M.*a.*Jip-B}]D.*l«.*ICaff.•M.'3.*jip).*... 
0.«aajl.-l«.-K.«.»«d.*a.-»p.*f»«.^*aME.-l*.*a.«ra«f.*a.-«.*4.-*p!^.*aJao*flWl.-4-fWt.*2>a»lD..l«.-iaff.-M.*a.«toI   / 
(f»■.•(aJ3l.•l♦..■.rf..td.*3.•»p♦f»m.-aK•^aMD«JIE».•*p..•d.*a.•r♦.M»lCFE.-a♦aJJD..I♦.-laff..»d.*a^*pI.•Ia^^ 

• BfflclaBcy 

■ayaa .  ((alM.-Lp.-toff.••d.*2.•»►•?»•.*a) ..(..liD^iJi) ..»p..M*a..i^..„BP,.*3^3j0^l^,H^,.,j -3 •ta)   •laff / 
([f«n.'3*3.>«3».*I«.*i:aCf.*M.*a.*Jkp'a310.*I«.*Kaff.*Bd.^l.*%) .a... 
(l.«alJi.«i#..«aff.-«d.-a.«*p.»iD».'^*alM.«i*.*a.-iMf.*2.«W.*4.-i».*a.«a3ai>*>»i.*«.fO«.*a.*a31D.«i«.»K.ff..«d.'^.-»p»nnflO/ 

Oaff.I./Kafff 

fl««ra(l| 
1 aMlln^(Oaft.0r. 'b— • .Caff.». T- ■) ^ 
aat (b, 'LlAaVldtli' ,a} 
kl«U('*tudrl') 
MlabalCOaff [■'^l/faj <} 
Iflabal (• Vlowxata tal/al • | 
1aptrlCaactmag','aaetl<l.ag*ltolt^a DataetarM 
frld CM 
axia[[l«-as la-11 0 10]) 

t Bffaetl'va e«^llaiiea 

• (a) 
fc aMlloga(Oaff.er,'b—■.Caff,ta,'r-')( 
■at(k. 'UaaVUth'^a) 
)tlabalt>Caff [a^/raj 'I 
Iflabal(■rraquaa^tkaxl') 
•rldo. 

«») 
kltogK(Caf f .layar.'b—• ,Caff .layaa,'r-') j 

aatCh, •LinaWUtb-.ai 
alabaK'Oaff |B'j/»a] •] 
l^^balCtrataa ■fflelattcrtal/al') 
laBM<d('Eaetlflay,tKaetlflar*Voltaga DatiMitar'] 
«rld fl« 

Figure B-1: Matlab code ised in Chapter 3 to calculate the requu-ed frequency, flowrate and 
efficiency for different circuitry. 
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» tblm coda c«lcul«t«» th« raquliMd fr«qu«iuV' *l«nr«t« and •ffidsncy- of 

tUmms allt 

% BoMwr rttqulnmaitt 

M - Q.5  f t Power requlreMent 

% Piaxo pE(vaEtlM(P3ar-Fr} 

•331 - fll«-12     t 
•330  - 17«-ia  1 
Sd      - lOaC; 

% Cloaad circuit eovUuca 
% Opan circuit eoapllanca 
* Dapolariaation straaa 

* SlUcoii ■atariU propsrtls* 

T      - 0.33f 
1      - 1C5*9   t 

% Voiaaona ratio 
% Tounga aodulua 

% Sillocm oil iMilk wxhilna 

Bf    - 3«9     1 % Fluid bulk aodulua 

k Oporatioa cooditloii nrylag PHPH 

for FHF8 -  l«C>l*Ci4«Cr 

% Gteoactrlo dlwrnalcau 

n - liO.ltlOr 

Dch - l«-3*n / % Chaaber diameter 

Hcb - 3ao«-s t 
jkob -{Dch.-a)«pi/4( 
AP    - tieh.*XS9../BA7 
IV    - l«-3   » 
htp - l«-3     I 

% CbaidMr height 
k Cbaabar area 
* Piaao araa 
* Plaao langhfc 
% Top plafca thicknaaa 

% Oaoulatloa of oo^pliaacas 

Ca    -   (l«.*B.«htp.*3./(pl.*(l-v.*a).*<Dch./a>.*«).*-l» 
Cf    - (M./(Aeh.*Beh)).*-l ( 
Caff- Cm*Ctt 

% Top Plata eo^plianca 
% Fluldic coNvlianoi 
% Bffectiva ooa(pli«iK:a 

% CileulKtlaa of ragulrad f rwiuaney,   f lowrata and af f idaaey 

f - 4.*ll./((a33E-a33D).*Sd.*a.*C|i.*»p); % Required frequency 

Q - 3.*{a33B-»a33D}.*1f./<(a33B-*33D).*raPR]tOBff.*eBPR.*ff % Required flowrate 

«ff - W./(Q.*PHM»» « Bffieieney 

t Plotfclnp rasulta 

figurad) 
grid 
plot(Dch/le-3,f/le3} 
tltleCRct^ired frequency va. plstoo diameter') 
xl«l»al<<npla [■>!•) 
ylabal('ftkMal') 
hold on 

fIgura(1) 
Srld 
plot <Dch/la-3,Q/la-C) 
tltleCRequlred flowrate va. platoa dlaaeter') 
xlabalCnpla [■>]•} 
ylab«l<<a[aa/al'l 
hold on 

figure(3} 
grid 
plot(D(±/la-3,Iff•100) 
tltlaC'Efflclaiior vs. platoa dlaaater') 
Xlabal(*tv>la[Ma]'} 
ylabal('Bff[%]') 
hold oa 

and 

Figure B-2: Matlab code used in Chapter 5 to calculate the required frequency, flowrate and 
efficiency of the system attached to regular diode bridge for different reservoir pressures and 
chamber diameters. 
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% ltatl«Ai oodtt uMd in t«tjMr struotun optlalutloa. (Doubl* Uy«r piaton) 
» »• •tpixalon* for kxf, ks*. kvf. k«p, «pt, r, Wpt mxi Ottl ar* ebtilnvl uaim lucl* 

Arf > la-xt; % ZBput flcM vdluaa lafco tha eha^»ar 

DCh * 7.a«-3i « aarfiar diaaatar 
Dp • >.M-li % Haio diaaatar 
•• ■ "->' * »la«« lanoth 
>p . l)p*a>pl/4; t Man araa 
Xdi > MOa-Cj % Oa^sar halghb 

E ■ ICSat; » TOntDQ* ■odulua 
V - 0-23; % talaaee ratio 
M - »aJ, t Bulk «»|ui„, 
aMD - ila-ia> t oraa oiroult oo^pUanca 

a - DQh/ai 
kp - >p/al3D/I«t t Haso atifbaaa 
Vo - aefa*Deh^*pl/4; ft Xmltlal VOIIMM of ehMbar 

ttopta . Ua-<i 
tbotta ■ Sa-Cf 

d . I«ttopta'3/ (ia« (1-v^)), 
da • l«tlotta'j/(U«(l-ir»J)), 

for Ic- ]ilt3o3; 

Spla a  IDeh)-k*O.OOOSa-ar 

b ■ Dpla/ai 
kpla - fipla'*3*pi/4i 

k»f • -1/1««0> «-J«b*a«a J->«»b*a«a*J«lo9(a/b)«lo9n»«*4-4»a'J«lo9(a)-'3«b*a-K«a*a»lo9(a)«b*5«log(b))/(d«pl«Cb*a-a''a)l, 
kip . ■l/C4*II<b <-1«b'4««''j»4«b''4«loB(b)«a*3»S«b*J«a*4-4«b'4«a*J«loj(a)-4«b*J«loj(bl«a*4.1«*b*4»loan>)«a*J«loB(a/b) 

-• **«*a «*b*a«lo9(«)-l«»a-'l«log(al»a«h*4*l««a*2«loa(al«b*4«loj(b)l/(d«(b*a-a*2))i 
kvf . l/«4»pl«(l««b-4«lo9(b)»a*2«109la/bUl««a*J«log(al«b*4«109lbU5«b'a«a*4-4«b*4«109(b)«a*2»4«b*4»a*2«lootal»4>b*J« 

los 0>)-a 4-4*a-4>b-a>los (a) -lCa>a>log (al 'a'b-4-a»«-7«b'4-a-a»3«b-«-l«.a-4-lo« (a) •b-a-lootbl -••b''4»a-2-loa (a/b) 
♦M»a 4«109(a)*a«b*a^>a*4«b''a«lo9(a/b) -l««a'4.b'^«loB(a/b) 'lojlal)/(d«pl« lb-a-a*a)) , 

kvp . l/na>pl«(a4»a*4«b*4-loBla/bl»a4«a*4«b'4-aa«b*««a-a.a''a»7«b*«-4i«a*4«b*4«lo9(a/bl«loa(a)-4l«a*4>loo(al»b-4>loalb) 
»4l«a 4>lo<(al*}>b*4^t>b-Ca'a«losla/bl -loslb) ♦4a«b*fa-a'lo«(a)'log(bl -4fb-«.a*a«l09(a)-a-aa-b-J.a-a-los(ajbl -'. 
lt*a 4*b 3)/(d*(b^-a a})i 

% Bottaa tatbar 

kxfb . l/t*b*a«los(b) / (pl>da) -l/fh'-i/ (pl'da) .1/1«« (-a«a-a«109 (al ♦a*a.a«b''a«l09 (bl -b'^l «b-3/ (pl*da* (a'a-b'ai I ♦l/4«b'3» 
a ano9(a/bl-loglbl/(pl«da«(a-a-b-all*l/l««a-S«(a*a-a«b-a«los(bl-b*a-4.b-a«109(a|-a.a*-a«log(al*4»b-a«loo(al«... 
I09(bl I / (pi*da* (a 2-b*al I j 

* Ovwrall aquatlooa 

apla ■ -tarfb* (bif Xpla-kapl 'Sift/ (kifb*Vo.kxIb«lf •kvt»pla-kifb*lf •kvp«bif •Vo-kxf >lf •kyp^kif •kp*kxfb<Vo-tatf •kp>kilb> 
If •kvp.kif •*pia'a*lf •kxfb«k>p>lf •kvf<kap*kf'kyf *kp>kx<b-kip*U •fcafb*>pial, ~r ■ ■ 

P • lf'«««(kxfbrfDrf.darf.kp«kifbl/(kxfb«Vb<kxfb«»f«kvf««pla-kxfb»lf«fcvp.kif«Vo-k»f.lf«kvp»k«f«kp«krfb«Vo-kxf.fa,.kxfb»«f 
*kvp*krf•Ipla'a'lf•bcflxkap'Bf •kvf*k>i»»f•kvf«kp*fc»fb-kap*Bf•kxfb'Uplal; 

Oaff . »o/lf»(kjtfb«kvf«Jpla.fcip«k»f.k»p»kvf«kp«kxn>-kxfb«kvp-kxf»kvp-kxf«kp«kxfb«kvpl/(k«fb»fatf*kif«kp»kxfbli 

i(p{kl - aplaj 
»dl(kl • »/ 
aaav(kl • Oaff, 
IlplBil(kI - Dpiai 

and 

flguza(a} 
at^lot(3,l,ll 
plot ((Oob-OplaQi •laC/a, iv/la-CI 
hxHA oo 
tltlaCDch flxad.Epla varlad'l 
rlabal{<platao Daflaotloa [ua] •} 
grid 
«<>plot(3,l,2l 
plot ((Deb-Dplanl •laC/3. Poh/laCI 
bold ea 
ylabal(*(aiaaa>ar PraaauraCNPal 'I 
arid 
aiibplot(3.t,3l 
aaallogr( (Doh-Dpiaal •laC/a,Ooapl 
bold oe 
ylabal ('Caff (a'a/Pal ' I 
xlabal('tatbar wldth'l 
grid 

Figure B-3: Matlab code used for tether optimization. 
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% rtdm cod* «rlc«« tlu v>tMi pazuMtws to tha wtlab trorlupae* to ba nad by fllMulixik. 
% It alM guwrataB tte 15x3 Mtxlx UMd In Jiwullnfc,  uhoM eo«£flci«ait« ar* calculatad using Hapl*. 

elaar KU/ 

ft nold Vrc^ard** 

lMi_£luid      - 0.<5«-</ 
■u_tIuLd      - xl^*im_£luld7 

ft fluid dKuity |kg/H*3] / 
ft vlseoaity N^/MC] I 

% vlaceaUy IPK/MC]; 

t Inlat    valva oip dlaastarMi 
% outlet ^nlf eap dliuMtar M i 

ft ValvN Cbaotwl Uaonatxy 

Ik      - Sa-7 r 

JU3      - Ij ft Chumal arut 

ft aiDtai'Slaca only L/X zatlo la lapoztant In tUa atuc^, 
ft so axaot cbannal saoMtxy la daflmd,  enly tba ratio la dataxalnad. 

ft Sloda Jrtyartlaa foe tba raotlUar dzculfc 

T - 300/ 
k • l.Ma-a3; 
ata . 17.3S/Bf 
q - l.<a-l>l 
Xo m la-</ 

ft OparatloB Conditlaixa 

vol       > 34«-C   j 

voo      m Ha-e t 

wn. - 20000 / 

Vb - 74.tf 

EEFR - 3aC/ 

WVn. - O.SaCf 

ft xxyanalon look-up tabla 

% Xslat -nlva qpaalngM 

% OuloC valve cpanlngM 

ft pparatlon. fraquancytHs] 

ft Battary Volta«arvi 

ft Blgli Vxaaura Baaarrolra Praasura 

ft liotr PKaaura Baaarvolra Praaauza 

Jla -   [0,   0.05,0.1,0.2,0.3,«.4«0.S,0.C,0.n    t 

C« -   [L,10,15,30,30,40,SO,100.aa2,E*a,la3,2a3,3*3,lal5]   | 

Ta -   [13,3.1,3.S,3.04,3.7,3.42,2.32,1.*2,1.94,2.07,3.45,1.M,1.25,0.SI/ 
13,3.1,3.3,3.02,3.5«,a.2S,2.13,l.l3,1.7»,l.lJ.3.23,1.7<,1.13,0.3/ 
33,3.1,3.3,3.3.4,3.13,1.S5,1.7,l-C5,l.7,3,1.«,If 0.11/ 
13,3.1,3.3,3.0,3.3,1.05,1.C5,1.4,1.3,1.3,l.C,1.25,0.7,0.44/ 
S3.3.1,3.1,3.C,2..1.<,1.4,l.a,l.l,l.l,1.3,0.95,0.«,0.Br 
13,3.1,3.0,3.4,1.0,1.5,1.3,1.1,1.,0.05,1.05,0.a,0.4,0.3<( 
13,3.1,3.1,3.3,1.45,1.35,1.15,0.*,0.75,0.45,0.5,0.45,0.3,0.35/ 
33,3.1,3.7,3.15,1.55,1.25,1.05,0.a,0.4,0.4,0.4,0.5,0.2,O.lCf 
33,3.1,3.<,3,1.4,l.l,0.*,0.4,0.3,0.1,aa-3,5a-a,3a-2,l.aa-3]   i 

ft Contraction look-up tabla 

RC -   [0,0.1,0.3,0.3,0.4,0.5,0.4.1]      / 

Cc -  [1,10,20,30,40,50,Ia3,2*2,5a2,la3,3a3,4«3,5*3,la4,lalS]   / 

To -   [30,5,3.3,3.5,2.14.1.91,1.4,1.11,0.94,0.77,0.4,0.97,0.13,0.4,1/ 
10,5,3.3,3.4,2,1.1,1.3,1.04,0.13,0.44,0.5,0.a,0.75,a.SO,0.45i 
SO,5,3.1,3.3,1.54,1.43,1.2,0.95,0.7,0.5,0.4,0.4,0.4,0.4,0.4/ 
30,5.,3.95,2.15,1.7,1.5,1.1,0.15,0.4,0.44,0.30.0.55,0.55,0.35,0.35/ 
10,5.,3.1,2.0,1.4,1.4,1,0.70,0.5,0.35,0.35,0.45,0.5,0.3,0.3/ 
10,5,3.7,1.1,1.44,1.3,0.9,0.45,0.43,0.3,0.3,0.4,0.43,0.35,0.35/ 
10,5.3.4,1.7,1.35,1.2,0.4,0.54,0.35,0.34,0.15,0.35,0.35,0.30.0.30/ 
30,5.3.4,1.7,1.30,0.a.0.4,0.40,0.15.0.01,0.05,0.IS.0.15,0.10,0.101 

ft prapaz«tlon of tba witrlx to ba fad Into Miwllnk 

TlbaalaAlaltatrlx/ ft saad In natrlx valuaa fzoM TbaalaSlWiatrlx.a 

for 1-1>15 
for j<-li3 

oml([<] iatrljc(l,^)-&* nuiiaatr(i)nui«l«tr(j)   '/'])/ 

Figure B-4: Matlab code used for writing system parameters into the workplace to be read by 
the Simulink model for the system level simulation. 
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Appendix C 

Maple Files 

This section presents important Maple files used in the Thesis. 

The first two codes are the Maple files used for tether optimization in Chapter 5. The first 

one solves the elastic equations of the tether structures. The second one solves the governing 

equation for the chamber behavior. The coefiicients calculated are then fed to the Matlab code 

used for tether optimization presented in Appendix B. 

The third code solves the elastic equations of all the structural components within the 

system along with the equations governing the chamber continuity and piezoelectric element 

behavior. The equations are solved and the coefiicients for the 15x3 matrix required by the 

Simulink model architecture, which is described in Chapter 4, are calculated. These coefficients 

are written in a Matlab m.file which are then read by another Matlab code (Appendix B) to 

generate the 15x3 matrix. The assumptions and derivation of these equations are presented in 

Chapter 4. 
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This file lolvn the elutic eqiutioos coneqionduigto the tether itnicture. 
Double layer puton is considered. 

. his assumed that evoything except the te&en are rigid. 
C > matart; 
C > Digitst>40i 

"1 Top tetter 

I Define governing DE for bending of circular plate and ihear force 
[Goveniiog DE 

> winfdlff U/r*dlCf(r*iUff (w(r),r),r),r).Q{r)/d>< 
L Shear force In terms afPch(chainber pressure) and Ppt (force applied by die piston on the top tstfaer) 
C > 0(r)j.»pt/(a*Pl«r)-(l/2)«P»(r*2-b*2)/rt 

I Integrate &t DE 

C > 01(r)i-(lnt(Q(r)/d,r)+Cl)*r! 
C > Qi(r)i-(lnt(Ql(r).r)+e2)/r! 
C > w(r)i-lnt{Q2(r),r)+C3! 

[p Apply BC'f 
C > BClt.aiiba({r.a}.w(r)).0> 
C > BC2i.auba({r>a},dlff(w(r),r)).Ot 
C > BC3t-aiiba({r-b},dlff(w(r),r))>0> 
[ >  8«tl»»olT«({BCl,BC2,BC3},{Cl,C2,C3})i 

. C > N(r) >>nba(8at,«r(r)) t 

Cakulation of linear coeffldents for deflectiott and iwcpt volomc 
Z > kxf:-»nb»({P-O.Ft)t-l}.«ub«({r-b}.»!(*)>). 
C > Ic9<>anba{{P>l,»i>t.0},aub«({r>b}.N(r)))t 
C > lnrft>aiiba({P.0,rpt>l},aall«at(«lBi>Ufy(lnt(3*pl*r*ir(r),ria>..a)),{d,P}))i 
C > fc»P!-aiiba({P-l,»pt-0},eoll«ct(alBWllfy(lnt(J*pl»r«K{r),rJ>..«)),{d,P}))i 

[p Bottom tetter 

I Define governing DE for bending of circular plate and thear force 

[ Governing DE 
> aqiii.'dlf f (l/r»dlf f (r»dif t (w{r) .r> ,r) ,r) .Q(r) /da": 

C Shear force in terms of Fpb (force applied by &e piston on the bottom tedier) 
C > 0(r).-»pb/(2*Pl*r)i 

I Integrate tteDE 

C > 01(r)i-(lnt(Q(r)/d«,r)+Cl)*ri 
r > 02(r)i-(lnt(Ql(r),r)+e2)/ri 

C > w(r)ialnt(02(r).r)+C3! 

^ Apply BC'f 
C > BCl:>aaba({r>a},w(r))«0! 
C > BC2i>aaba({r.a},diff(w(r>,r)).Oi 
C > ac3fauba({r>b}.dlff(w(r).r))>Oi 
C > 8«tt-aolT«({BCl.BC2,BC3},{ci,ca,C3})i 
C > W(r)i>aiiba(8«t,w(r))i 

[p Calculation of linear coeffldent for deflection 
L C > lnta>i-»uba((p-0.Fpb-l}.auba({r-b},1«{r)))i 
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F3e: Compljnws 
This file solves &e overall equations goveming fiw chamber behavior including piston deflection, swept volume, chamber pressure, 
force on piezo and force on tethers. 
Also the eflfective compliance of &e system is calculated. Ihe elastic equations goveming the te(faer behavior are calculated using 
another m^le file. 
The results of both maple files are then fed to Matlab for tether structure optimization. 

C > rsstart:; 
[ > Clglta:>=40: 

I Equations Govemiiig top tetber deflection 
C > •qnl!"xpi«-)at£*!ript+lacp*P! 
C > «^i2!»<Wt=fcv£«Fpt+fcvp*P! 

I Equation Governing bottom tefiier deflection 

I Force Balance at piston-tether connection 

I Fluid Compliance 
C> •^S!=P-((dVS+dVt:+3q?la*Apis)/<Vo))*Bfi 

j Piston and Piezo 
C > oiin6:»P*Apla+Fp+*p*J5pla«0! 

I Solve equations for input dVf 
Z > ayasmaolvml{mqnl,»qp2,9<jn3,atpi4,atpiS,aqpe},lxpiB,Vp,avt,P,fpt,Vpb}'it 

C > aaaign(sya); 
:> C«f«s-eoll«et(«ii»pli£y{{dVf+xpi»*Apl«)/P),{Vo,B£})s 
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FUti nattSimC0mp.mni$ 

'nridimdie nmufink model, in IS X 3 matrix n needed, which takes u ^)uts ( Qp, Qii< xpis) tnd Mlva 
DV(p, DVte, DVpb, xb, xte, Fte, Fl»*)p, Fle-bot, Stt, S*, Fp, Pch, Fiiet). 
Thii code calculatea be coeficients of Oil madix. 

C > Tttmrti 
C > Blglt«i>40i 

I Governing Equations 

TTop rapport ftrnctnre 

Z > lONl   1. x[tpl«lctdfcp]*P[c}i]i 
C > son   t. DV[tj>l.k[tpl*P[ahli 

f Bottom Support Stucture 

c > mm I. xtb] . ktb]*v[p]i 

[p Piston 
C> IQIH  t. x[pl»l-xtt«]»ktplI*»Ip]+kIp2]*P[ch]i 
C > IQMS   :• DVlpbl-k[p3]*F[p]+k[p4]*P[ah]i 
C > "ONS   f Ftn«tI.-AIpl«]*P[ch]+Ptp]-»It«]i 

j Piston Tedierf 

[ > 10117  s- x[t«]-k[ttl]*F[t«top]+kttt2]»Ptch]i 
C > lOMB   t- I>V[tal.k[tfc3]*V[t«topl+k[tt4]*P[ah1> 
C > BOWS   t- Strttt]-«tttl]»P[t«top]+«ttta]*P[cli]t 
C > EONIO   >. x[t«]«k[tb]*f [t«bot]i 
C > SORll   •- Str[U>l>attb]*F[t«bot]> 
C > XOtna   I. P[tal.F[t«t<v]+F[t*bot:]i 

I Chamber continBity 

l> 10813   s> PIehl-B[f]/Vto]*(Q[n«tJ+x[pi«]**tpi»]+OV[i*l+DV[t«l-nv[tp])i 

I Piezoelectric Material 

C Linear coutitaiive relatioiu. 
C> tarn.*   t- xtb]-xtpl»]   - IiIpl/Atp]»(BD[33]«FtpH<l[33)/aT[33]»Q[p]) j 
C > BOtns   i> V(p]   . I.Ip]/A[p]*(dt33]/«T[33]»Ftp]-l/«Tt33]*QIp])i 

1^ Geometric and Material Parameters 
[ Geometric Parameters: 
C> LIp]«-l«-3i dtpl«-3.B«-3i *tpJ«-(Pl*dtp]''a>/4> 
r > d[plB]:>6.95a-3t  wtt] >>125*-S>   d[ch] i>d[pia]+2*w[t] :   tlplal >-800*-6t 
L      Atpla]:-(Pi«dtpla]*2)/4i 
C> t[t*top] lalOa-Ss   tttaboti ia5*-Si 
C > ttbot] tai2500a-6t   tttop] s>2S00a-6i 
C > HIoh]i-200a-Si  Vto] i-Pl*(dIoh] *2/4) *Htoh] i 
[ Material Parameters: 
r > dt33It-17«0a-12i   aDHS] i«17a-iai   B«[33] i-81a-12i   a!rI33] j-dt33] *2/ta«[33]-aDHS]) i 
L> Ilaili-lfi5a9: natal] 1-0.22)  B[f]i>2a»:  rholai] :-2230> Ktpial <-rho[all*A[pla]*t[pla1: 

I Calculate Linear Plate Coefficients 

[9 Tbp Support structure 

r Gmilar plate clambed at ill outer radiiii(r-a). 
L Poaitive deflection is upward. 
C > a<iB.-«dlff(l/r«dl«ftt*diff(Z(r),r».r),r)-Q(r)/D«'! 
C > 0{r):-Pteh]»r/2: 

Pagel 
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C > 01{r)s-(lnt(Q(r)/Da,r)+Cl)*r: 
C > a2(r):-{in,t(01(r),r)+C2)/r! 
C > wtp{r)!«»ul)«<{ca«0}.int(Q2(r),r)+C3>! 
C > BCls»aiiba({r»a},Mtp(r))BO! 
C > BC2«-aoba{{r-a},<liM(wtp(r),r))-0i 
C > a«t!-aolvB{{BCl,BC2}.{Cl,e3})! 
C > Wtp:-aliiipllfy(suba(Bet,wtp{r))) : 
C > DVtpi.int<2»Pi*r»Ktp,r»0..a) 1 
C > tftpO!«aiibB({r-0},Ktp)i 
C > fctdtp]!.a«ba{{Pleh].l},Ktpo): 
: > kIdtpl«-«v«lf{auba({a«d[ch]/2.  ra-BtBl]»tItop]*3/(12*(l-nutBi]*2))},fcCdtp])) i 
C > kItpJ:-subB({P[cW.l},DVtp): 
C > lcItTl»-«val£{a«b«({a-dtcbi]/2, D»-Blai]*tttop]*3/a2*(l-nu[«l]*2))},kttpn) = 

j Bottom Suport Strncture 
r Citcularplate wi& a circular hole at flie center which is clamped at its outer radius(i=a) and guided at its inner iadius(F4j). 
L Positive deflection is ipwaid. 
C > eqnj-'dlff(l/r*dlf£(r*diH(Z(r),r).r).r)-Q{r)/Ds>j 
C > 0<r)s—FIp]/2/Pi/r! 
C > Ql(r)!«(lnt(Q(r)/D8,r)+Cl)«r: 
Z > Q2(r)!.(lnt(Ql(r).r)+oa)/ri 
C > Wb (r)! -Int (Q2 (r) ,r) +C3: 
C > BCl:xaaba({r>a},id>(r))-0: 
C > BC2fiauba({r-a},dlff (wb(r),r))aO: 
C > BC3i-auba({r-b},dlff (wb{r),r))«iO: 
C > S«t:-aolvo({BCl,BC2,BC3},{ca,C2,C3})s 
C > Hb:>Biiqpll£y(aiiba(Sat,iA(r})) : 
C > ktb]!-sii»plify(sTiba({Hpl-l},B«bs{{r-b}.Wb)))! 
C > ktb] i-evalf(aul»a{{«=d[oh]/2,  b-dtp3/2, IlB.K[al]*ttbot]'•3/(12*(l-ini[Bl]*2))},ktbl)> i 

I Piston 
Ciicular plate with a circular hole at the center which is simply supported at its outer radius(i=a) and guided at its inner 
radius(i=*). 

^ Positive deflection is Inward. 
C > «<ins-'di£f {l/r*dlff(r*di£f (Z(r).r),r),r)«Q{r)/Ds'i 
C > 0(r)!-Flp]/2/Pl/r-PIeh]*r/2: 
C > 01(r)!-(int(0(r)/DB,r)+Cl>*r! 
C > Q2(r): = {lnt(Ql(r).r)+C2)/r! 
[ > wp (r): -Int (Q2 (r) ,r) tCS: 
[ > BCl<-8iibB({r-a},«p(r))>0: 
C > BC2!.fl«bB{{r.«}.dl££(wp(r),r$2)+na/r*diff(wp(r),r)>-0! 
C > BC3t-aiiba({r-b},di££(«p(r).r))-0t 
: > S«tt-80lv«({BCl,BC2,BC3},{Cl,C2.C3})! 
C > M]piaslnipli£r(stibs(Set,wp(r))) > 
C > D7pb:-Biin>li£y{liit{2*Pl»r*S«ip,r-0..a)): 
C > fctpl]«-ali^li£y(auba({P[oli]-0,»tp]-l},s«bB{{r-b},Wp)))i 
r > ktpl]>-aval£{aaba({a-dtpia]/2, b-dCpl/2,  DB-Btall*t[pi8]*3/{12»(l-nuIai]*2)). 

L      iiu=mu[al]},ktpl]))! 
C > klp2]s-ali»pU£y{«jbB({Ptch]-l.FCp]-0},aTib«<{r-b},1«p))): 
r > fc[p2]i-«val£(aob8({a-dlpla]/2, b«d[p]/2.  Da-Et8l]*t[pla]*3/{12*(l-nuIai3*2)>, 
L      nu.nu[Bl]}.kIp21))i 
C > klp3]t-8i»ipli£y{aubB({Pi:ch]-0,F[p]-l},DViib)>! 
r > kIp3]!-«val£(auba{{a-dtpial/2.  b-d[p]/2,   DB.ECai3*t[pl8]*3/(12*(l-nu[Bl]*2)). 
L      im-nutai]},krp3])): 
C > k[p4]!=»liiipll£y(auba({P[alil-l,F[p]»0},DVpb))! 
r > ktp4]s-«val£(aiiba({a-dlpia3/2, b-dtp3/a.  Da-Klail*tEpl8l*3/{12«(X-imUi3 "2)3. 
L      nu>niiu[al3}.k[p43))< 
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l|^ Drive Ekment Tetben 
Top Tether 

Amnilir pUts cliiq>ed It outw ndhu (i-t) and guided at mner fmdius (P4) with preinin iiiplied 
downward over tdka and concentrated force applied upward at inner radiua (p=t)). 

C > •<ini-<dlff(l/r*<llff(r*dlff(Z(r),r),r),r).Q(r)/Da>t 
C > fi{r):-Flt«top]/{J*Pl»r)-Pteh]*(r''2-b*2)/(a*r) t 
[ > Ql(r)t>(lnt(Q<r)/Da,r)+Cl)*ri 
[ > Qa(r):.(lnt(01(r),r)+C2)/r: 
C > wtt tr) I -Int {Q2 (r) ,r) +C31 
C > BClt-aT]ba({r>a},«tb(r))>0: 
C > BC2i>njba({r-a},dlff(wtt(r),r))-0i 
C > BC3i.ai>l>a({riJ>},<U£f(wtt(r),r))_0> 
[ > 8ati.aolva({BCl,BCa,BC3},{Cl,ca,C3})t 
C > «ttfaia(>llfy(anba(Sat,wtfc(r)))< 
t > DVtti.8ljvU«yCint(2»Pl»r*)ttt,r-b..a))t 
[ > k[ttl]i.aliq>llfy(auba({P[oh].0.F[tatu3pl.l},auba({r>b},Ntt))): 
r> k[ttl]i>avaie(auba({a>il[ah]/2, badtplal/2. 
L      Da.B[ai]*tltatop]*3/(12*{l-nutal]*2))}.k[ttl]))i 
t > kttt2]i-ain>lify(auba({Plohl-l,Fttatop]«0},aubB({r-b},Wtt))) j 
r> kttt21i>«Talf(auba({a.d(ah]/2,  b>d[pla]/2, 
L      Da.Btal]»t[t«top]*3/(12*(l-iratal]'"2))}.kttt2]))! 
[ > kttt31i«alapllfy(auba({P[oh]-0,»rtatopI.l},DVtt)) t 
r > fcltt3].-«valf(atiba({a-dtoli]/2, b-d[plB]/2, 
L      Oa-«tal]*tttatopK3/(12*(l-an[al]*2))},kttt3])) j 
C > k(tt4] :>ala(>llfy(auba({P[ch]<l.F[tatop]-0},DVfct)) : 
r > k[tb4]t-walf<auba({a-dtcU/2.  b.d[pla]/2, 
L      Da-«tal]«tIt«top]*3/(12*(l-im[all'2))}.kttt4])). 
C > 8tt!-alapli«y(S«(Da*CdlM(l»tt,t»2)+nu/r»dl«f(Wtt:,r)))/(h*2))! 
C > a[tt:l]i.alapli£y(auba({PCah]-0,F[tatop].l},auba({r>a},8tt))}i 
r> atttlloanralf (anba({a>dIah]/2,  b-d(pia]/2.  Da.l tal3't [tatop] *3/(12» (l-nural] *2) ) . 
L      nn-im[all.  h-t[tatop] }.alttll)) i 

[ > altt21.-ai«5>llfy(auba({PIch]-l,F[tatop]-0).auba({r.a},8tt)))» 
r> Bltt2]..avalf(auba({a«Jtoh]/2, b-d[pla]/2,  Da.«[al]»t [tatopl*3/(12* a-nul8l]*2)). 
L      nu-nntalj, h-tItatopl},attt21))« 

Bottom Tttfaer 
Annular plate clamped at outer ladiui (i-a) and guided at inner radius (r4) 
widi concentrated force qiplied inward at inner radius (i~b). 

C > •<ini.'dlff{l/r»dlff(r»dlf£(B(r),r),r),r)-Q(r)/DB'! 
C > 0{r)i-Frtrf>ot]/(a«Pl*r)i 
[ > Ql(r)s.(lnt(0(r)/Ba,r>+ca.)*ri 
[ > 02(r)<.(int(Ql(r).r)+C2)/ri 
C > wt:b(r)>.lBt(Q2(r),r)+C3i 
C > BCli-anba({r-a},wtb(r))-Oi 
[ > BC2i-anba({r-a},dl£f (wtb(r),r))-Oi 
[ > BC3i-aiibB({r>b}.dlff (wl:b(r).r)).ai 
C > 8«tt-aolTa({BCl.BC2,BC3},{cl,C2.C3})i 
C > •ftb:.Bl]apllfy(Bubs(8at.wtb(r)))i 
C > kttb]»Bla(>lify(Biiba({F[t«bot]>l},auba({r>b},Wtb)))i 
["> kttb]<.aivalf{auba({a.d[ah]/2,  b-d[pla]/2.  Da-K[Bi]*t[tabot]''3/(12»(l-nufal]*a)) , 
L      nn>ira(all},kttb]))s 

[ > 8tbi-alapll£y<6«(Da»(dlf£(Wtb,r$2)+nu/r»dl£f{¥th,r)))/{h*2))i 
C > a[tbIs>Blivllfy(siiba({FItabot]-l},Buba({r>a},8tJ>)))s 

> attil.-aralf (aubB({a-d[<sh]/2.  b-d[plB]/2,  Da-Btal]«ttt«bot]''3/(12«(l-nu[Bl] *2)), 
nnanntal], hMtltabot] },aIU>])) t [ 

M Solve Equations 
(" b die Simulink model, &eiiqHiti to fte matrix block are Qo-Onet and xpis. It is de<ire<l to solve for each of die output variables in 
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temu of these iiqnits. The ou^ut variables aieVpprtpPV5),DVte,DVpb^,]rteJ^^te-top3&*ot,Stt,Sft Jp^ch^net Once 
8blve4 each of the coefficients is assigned to the proper location in flie matrix. 
All file matrix coefficients are then fed to matlab matrix file, which is then caBed by a maflab preparation file to nm the Simulink 

. model 
> Solutiona:.BOlvo{{B!Wl.BQM»BCW3.B<W4.BQN5,SQHfi,K0»t7.BQM.8CIH9,Kem0,SaHll,Kaia2,KQH13 

,EaH14.B0in.S}.{V[pJ .xltp] .DVCtp] .DVCt.] .DV[pb] ,xtb] ,x[ta] .F[t«] .ff [tatop] .»[tabot1 .Start 
tt]. Star [tbl , F tp]. P leh]. F tn«t] }> s 

C > All 
C > AlZ 
[ > *13 
C > A21 
C > Asa 
C > &23 
C > *31 
C > A3S 
L > A33 
C > A41 
C > A42 
Z > A43 
C > A51 
C > ASa 
C > AS3 
C > Afil 
C > ACa 
C > A63 
C > A71 

-•valf(auba({alp]-1.0ln«t]«0,xtpial-0} 
-aval* (auba {{flip]-0,Ofe«t]-l,xCpi8]-0} 
>eTal£(auba({Q(p] >0,Q[Bat]-0,xCplB] -1} 
=avalf (aiib«{{Qlp] =l.QEnat]=0,xtpls] =0} 
««■«!£ (Bt*a ({QIpI-0,0 [nat]-l,x [plal-0} 
■evalf (auba ({Q[p] •0,QInet] •0,x[pl8] >!} 
•iaval£(ai}ba{{Q[p]>l,Qtnet].0,x[pla].0} 
>«val£(auba ({Clip] >0,Qtnat]-l,x[pla] >0} 
.aTal£(aub8<{glp]>0,Q[nat]>0,xtpla]>l} 
>sval£(aubs({Q[p]-l,Qli>et]-0,x[plB].0} 
-av«l£ (auba {{Qtpl -0,Qliiet]-l,xtpia] -0} 
-eval£(Buba({Q[p] •cornet] >0,x[pl8]-l} 
-eval£(B«ba{{QIp]-l,Q[nat:]-0,x[pla].0} 
.aval£(aubB({Qtp]-0,Qti>«t:]-l,xtpla].0} 
>eval£ lavba ({QIpl •0,Q(aat] «0,x [pla] >1} 
.«val£ (auba ({Otpl -1,0 tnatl -0,x tpia] -0} 
-eval£(8ub«{{aIp]»0.OtBat]-l,xCpi8lM0} 
-eval£(a«ba{{0[p]-0,Qlnet]-0.xtpia3.1} 
»«val£(BubB({Q[pl-l.Q[net]>0,x[pl8]>0} 

C > A72!-aval£(auba({0[p]>0,Qtnat]-l,x[pla]>0} 
C > A73!-aval£{Bt*a({QIp].0,Q(nat]-0,x[pla]-l} 
C > A8l!=aval£(stiba{{Qtpl=l.Qtiiat3=0,x[pial=0} 
[ > A82:-«rval£(8uba{{QIp]-0,Qlnat]-l,xtpla].0} 
C > A83:-eval£(8uba({Q[p]«0,Q[nat]>0,x[pla]>l} 
C > A9l!-mral£(aubB{{OIp]-l.Q[tiat]-0,x[pla]-0} 
C > A9a:»eval£(Bi!b8({QIp].0,QInat]=l.x[pl8]-0} 
C > A93:=eval£(anba({Qlp]»0.Qtnet]-0,x[pl8l.l} 
C > A101i-eval£(siib3({QIp]-l,Q[neb]-0,x[plB]>0 
[ > Al02:=aval£(Btib8{{QIp]»0,QInetI«l,xIpiB]»0 
C > A103:»eTal£(BTiba({Otp]"0,Otaetl-0,xIpls]«l 
[ > Allls»aval£CBiiba({Qtp]«1.0lnetl»0,xIpiB3«0 
C > Alia:-aval£(atibB({QIpJ-0,Qtn«tl«l,xIplB]-0 
[ > A113!.aTalf (aiib8({Olp3-0,QInetJ-0.xtpia3-i; 
C > A121:-evalf (ai3bfl({Qlp]-l,Otnatl.0,xtpiB]-0 
Z > Aia2t-«val£(BubB({Qtpl-0,O[iiatl-l,xtpia]«0 
C > AiaSs-avalf (Bub8({0[pl-0.0[»atl-0.xtplB]-l 
C > A131:-eval£(BiibB({0tp]»l.Qtnefcl-0,x[pl8]»0 
C > A132!-«val£(B\jbBC{O£p3-0,Otaat]-l,xtpiBl-0 
C > A133:Maval£(Buba({QIp]>0,Q[iiatl>0,x[plB]><l 
C > A141<.«v«l£(a«bB({Qtp]-l,QInatl-0,x[plB]-0 
Z > A142s.oval£(Bi]b8({0Ip]"l).QlMtJ-l.x[pia3.0 
Z > A143i-eval£(BUba({fiIp]-0,O[natl-0,x[pial-l 
[ > A15l!-aval£(Biiba({etp3-l.Q[i»»tl-O,x[pia]-0 
Z > Alsa!»«»al£(Biiba({Qlp]-O.Q[i»atl=l,x[pla]»0 
C > AlS3:i:avalf (ai!bs({QlpI>0,Q[ne«:]-0,x[pis]>l 

auba(Solutiona.VCpl))): 
BUba(Solutlona.VCp]))): 
Bubs <8olutlonB.V[p]})): 
suba(Solutloss.xttpl))): 
auba(Solutlona.xttpl})>: 
auba(Solutions,X ttp])))t 
auba(Solutlona.DVttp]> >): 
auba (Solutions,DV[tp] ) ) ) : 
Buba (Solutions,DVtt^] ) ) ) : 
auba(Solutions,DV[tel)))> 
auba (Solutions,DVIte] ) )) : 
auba(Solutions,DVtte]))): 
auba (Solutions,DVIpb] ) ) ) : 
subs (Solutions,DVrpb] ) ) ) i 
auba (Solutlona,DVtpb] ) ) ) : 
suba(SolutlonB,x[b]))>: 
BubB (Solutions, X [b] } }) : 
subs(Solutions,X[b])}): 
auba(Solutions,x[ta]))): 
aub8(Solutlona,x[tal))) t 
aubs(Solutions,xttal))): 
suba(Solutlons,F eta]))): 
auba(Solutions,F[te]}>): 
aubs(SolutlouB,F tta])))i 
suba(8olutloaa,F[t«top]))> : 
auba(Solutions,F[tetop]})): 
subs (Solutions,F [tetop] ) ) ) : 
,aubs(Solutions,F[tebot]))): 
, subs (Solutions, F [tabot] )) ) : 
,subs(Solutions,F[tebot]))}: 
,snbB(Solutlon8,8tr[tt]}])I 
,Bubs(Solutlona.Str[tt])))s 
,Bubs (Solutiona,St:r [tt])) > s 
,subB(Solutlona,Btx[tb])))i 
.BUba(Solutlona,Str[tb]})): 
,suba(Solutions,Str(tb]>)): 
,aubs(Solutlona,F[p]))): 
,Bub8 (Solut:iona,F [p]))): 
,auba(Solutions,F[p]})): 
,suba(Solutlona,?[cb]))) i 
,aub8(Solutlona,P[oh]))): 
,BubB(8olutlanB,P[cb]))) : 
,auba(Solutlona,F[net]>}): 
, suba (Solutlona , F [nat] ) )): 
,aubs(8olutlons,F[net]))): 

j Generation of output matrix to Matlab file 
C Ou^nit matrix coefficiente values to a file vMdi Matlab/Simulink can read. 
C > lnter£ace(echo>0)! 
Z > «xlteto(~TheBlsSliiiHatrix.m~)i 
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C > printf (-All > %*a.08«;-,All); 
C > prlntf('A12 ■ %4a.08a;-,Aia)) 
C > printf(-A13 . Vf3.08*)-,A13); 
C > printf('A21 . %+a.08«>-,Aai)j 
[ > prlBt£(-Ua - %+a.osa>-,Aaa)> 
I >  printf (-Jaa • %+a.0Ba}-,Aa3)i 
C > printf(-A31 - %4a.08*;-,A31)} 
C > printf(-*32 ■ %-i^a.08a>-.A3a)i 
C > printf(-»33 . %«a.08a>-.A33)) 
C > printf(-A41 • %4a.0Ba!-,A41)} 
C > printf (-Ma • %+a.0Ba]-,A4a)j 
C > printf (-&4 3 . %*a.0Ba|-,A43); 
C > printf (-JL51 ■ %+a.08a;-,A51)> 
[ > printf(-AS2 > %4a.0Ba>-,A5a)> 
C > printf(-A53 > %'»a.08a>-,&53)> 
C > printf(-AS1 > %+a.oea(-,ACi)i 
C > printf(-ASa - %+a.08a|-,ASa)t 
C > printf(-A£3 . %4a.0Sa;-,AS3>; 
C > printf(-A71 ■ Vfa.06a;-,A71)| 
C > printf (-A7 2 ■ *+2.0Ba>-,Jt72)j 
C > printf(-A73 - %+a.0Ba;-,A73)i 
C > printf("ABl • %+a.08a>-,XBl)i 
C > printf(-AB2 - %+a.08a>-,AB2)> 
C > printf(-AB3 • %+2.08a}-,A83)i 
t > printf (-A91 - %+2.0Ba|-,A91); 
C > printf(-A92 • %*2.0Baf-,A9a)j 
C > printf(-A93 • %42.0Ba>-,A93)| 
C > printf {-AlOl m  %+a.08«j-,A101)> 
C > printf (-AlOa . %+a.O»«|-.A102)» 
C > printf(-A103 ■ • %+a.08a|-,X103)) 
C > printfCAlll . %+a.OS«>-,Alll)) 
C > printf ("Alia . %4.a.0a*;-.A113) i 
C > printf (-AH3 . %+a.0S*>-,A113) > 
C > printf(-A121 . • %+2.0Ba;-.A121); 
C > printf(-Aiaa . ■ %«2.08aj-.A12a)> 
C > printf(-Aiaa . • %«2.08a|-,Aia3)> 
C > printf(-A131 ■ ■ %+a.08a>-,A131); 
C > printf(-A13a . %+a.08a;-.A132)i 
C > printf (-A133 - %4-a.OSai-,A133) i 
C > printf(-A141 . %+a.08«>-,A141); 
C > printf(-A14a • %+a.0Sa}-,A14a); 
C > printf(-A143 ■ > %+2.08a;-,A143)> 
C > printf (-A1S1 - %+2.0S*|-,A151); 
[ > printf ("Aisa • %'fa.oe*i-,Ai5a)i 
C > printf(-A153 . . %+2.0ea)-,A153); 
C > printf(-Ap • %+2.08a;-,av*lf(AIp]))> 
C > printf(-Apis. %*a.08a|-,aval{(A[pia]))i 
C > printf(-Hpl«- %'»a.OBa>-,«valf (Htpis] )) ) 

_ C > writ«to(t«r«lnml)j 
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